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The purpose of this Handbook is to describe the concept of the Personnel 
Qualification Standards Procran and to provide guidance for its implementation 
and management as an element of the overall training program for operational 
units of the Navy. 

The information in this handbook is for guidance only; it should not be 
construed as policy. 

Definition. A Personnel Qualification Standard (PQS) is a written compilation 
of knowledge factors, skills and performance criteria necessary to operate and 
maintain specific equipment/systems or to perform designated tasks. Each PQS 
package is an evaluation tool designed to ascertain the depth of the trainee's 
knowledge/experience and job proficiency. 

Background 


a. The concept of standards for personnel qualifications is not new 
to the Navy. Various forms of qualification standards have been in use for 
years. However, there are many functional areas in which standards have not 
been developed or are neither consistent in content nor implemented efficiently. 
The ever-increasing demand for technical knowledge and the rate of personnel 
turnover mandates a high priority for PQS development. 

Development of a PQS is inititated by a request from any command via 
its Type Commander to CNQ in accordance with OPNAVINST 3500.34. Upon approval, 
priorities are assigned by CNO, and direct authorization for development is 
granted by CNET. 

b. With PQS, a highly structured and formalized program is available 
for establishing personnel performance standards. These standards are 
based on job task analyses encompassing virtually all aspects of today's 
Navy. This program is readily adapted to traditional Navy jobs as well as 
to tasks previously obscure or unidentifiable. Standards may be developed 
for many levels of both technical and nontechnical tasks. 

c. Current listing of PQS standards and qualification cards can be 
found in CNETNOTE 3500 and are available through the Naval Supply System. 

d. OPNAVINST 1500.11 and OPNAVINST 3500.34 establish policies, respon¬ 
sibilities and procedures for PQS. 

Discussion. As previously stated, PQS is a compilation of performance 
factors necessary to accomplish a designated task. It is not, in itself, 
a training program, but represents the terminal objectives of a training 
program. The prime responsibility for training rests with established 
training/support activities (i.e., formal schools) and traditional senior- 
to-junior instruction and supervision. Not only does PQS reemphasize the 
need for comprehensive training, it also provides development guidelines. 
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promote initiative and responsibility by Droviding the trainee with spec 
fic objectives, job-relevant requirements and readily available resource: 

and assistance. 


A Personnel Qualification Standard... 

...represents, by virtue of the manner in which it is prepared 
a composite of the collective experience of a broad cross-section of 
subject matter experts and reference documentation; 

...displays in a uniform format the detailed performance 
standards required for each specified task; 

...provides the questions (but none of the answers); 

...organizes the task analysis into a repetitive format. By 
using the same learning terminology throughout, communication between 
supervisor and trainee is simplified. In addition, the trainee is moti¬ 
vated by the awareness that the studies include far more similarities 
than differences; 

...requires the trainee to master only a small number of ques¬ 
tions at a time. Once the format and scope of the question have been ab¬ 
sorbed, the trainee can concentrate on acquiring the knowledge and skills 
necessary to perform assigned duties; 

...lists all necessary references and publications the trainee 
needs to obtain the required information; 

...speeds up the training process since each person knows exact 
what information to obtain from specified reference materials; 

...provides a convenient record of accomplishments; and 

...provides a means for supervisors to check on the trainee's 
progress toward qualification. 
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DESCRIPTION np THE PERSONNEL QUALIFICATION STANDARD (PQS) 

Every PQS contains the following sections: 

INTRODUCTION 

GLOSSARY OF TERMS USED IN PQS 
CONTENTS 

100 SERIES (FUNDAMENTALS) 

200 SERIES (SYSTEMS) 

300 SERIES (MAINTENANCE ACTIONS/SUPPORT ACTIONS) 

400 SERIES (QUALIFICATION CARDS) (packaged separately) 

BIBLIOGRAPHY 

PQS INFORMATION REPORT AND SUGGESTION SHEET 

INTRODUCTION. The purpose of the Introduction is to explain the format 
and organization of a PQS in terms of its application and impact. 

GLOSSARY OF TERMS USED IN PQS. The PQS glossary defines key terms and 
phrases as they are specifically intended to be applied to achieve program 
objectives. The writers of all PQS use these precise definitions to ensure 
uniform interpretation. 

CONTENTS. The Contents page lists, by order of entry, the Fundamentals, 
Systems, and Maintenance Actions/Support Actions included in the PQS. 

100 SERIES (FUNDAMENTALS). Each PQS begins with Fundamental sections 
covering the basic knowledge and principles needed to understand the 
equipment or duties to be studied. All references cited for study are 
selected according to their credibility and availability. 

Because safety is a paramount consideration, the final Fundamental 
section within each booklet describes the precautions which apply throughout 
the Standard. This permits a subsequent listing in the System sections of 
specific safety precautions for a given system. Similarly, a portion of 
any given Fundamental section may be devoted to expanding the learner's 
vocabulary by calling for definitions of technical terms used throughout 
the Standard. 

Fundamental sections have direct application to the formal school 
situation or to self-study for the officer or enlisted person who has not 
attended the specialized school. Common Fundamentals developed from "A" 
school courses supplement or replace previously identified sections. 

200 SERIES (SYSTEMS). In this section, each PQS breaks down the subject 
equipment or duties into smaller, more comprehensible functional "Systems" 
as the basic building blocks in the learning process. Each System is 
written to reflect specific Maintenance Action/Support Action requirements 
by delineating the equipment/operations most relevant to one or more de¬ 
signated maintenance personnel. The less complex Systems may be identified 
and covered quickly or relegated to a lower priority to permit greater em¬ 
phasis on more significant or complex Systems. 
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Any given System is assembled for learning into two levels. Systems 
have components and components have parts. A PQS System will list those 
items which must be understood for operation and/or maintenance. It will 
not list every item appearing in the technical manual parts list. At 
times, a number of very broad (overview) Systems are disassembled into 
their components or parts with the "big picture" as the learning goal. 
Items listed as components or parts in such a System may then be analyzed 
as separate Systems with more complete breakdowns of components and parts 
For example, the TF-30 engine may be listed as a component of the F-14 
Aircraft Power Plant System, then broken into smaller Systems on later pa 
for closer study. As a result, broad principles of propulsion may be vie 
within the scope of an operator and the internal workings of the TF-30 en 
presented in depth for the maintenance technician. 

The Systems section of a PQS is the most comprehensive and has been ■ 
signed to follow the law of primacy, which requires the acquisition of kn< 
ledge in correct sequence. If the trainee focuses on learning how the eqi 
ment functions and interrelates during normal operation, the trainee will 
then be better able to identify potential problems and to take the proper 
corrective action. 


Each PQS System section contains the following: 


a. Title of System under discussion 

b. References to be used for study 

c. Directions for the trainee to: 

1. Draw a diagram of the System using all components and 
component parts, or 

2. Refer to a standard print, or 

3. Refer to the actual equipment. 

d. Questions about specific components and component parts to 
give the trainee knowledge required before completing the maintenance task 

e. The dynamics of how the components and component parts 
operate to make the System function. 


f. The operating limits that must be monitored during System 

operation. 

g. A study of the relationships between the subject System 
and other Systems, equipment or external influences. 


h * A discussion of safety devices that protect the System, as 
well as general and unique safety precautions that apply to personnel. 
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[lhe System section of each PQS is written following a prescribed 
format; however, a certain amount of flexibility is required for PQS to 
fulfill fleet demands.) 

300 SERIES (MAINTENANCE ACTIONS). The Maintenance Action section of each 
PQS tests the technician's readiness to oer f orm a designated task. The 
goal of the Maintenance Action section is to guide the trainee in cate¬ 
gorizing, analyzing and performing the step-by-step procedures required 
to obtain qualification. 

There are three types of Maintenance Actions -- Operator , Maintenance 
Technician , and Support . 

I. Each Operator Maintenance Action contains the following: 

a. Routine operations that are performed frequently 

b. Indications that the equipment is operating normally 

c. Infrequent operations which may be performed as conditions 
permit or which may be simulated due to safety hazards, lack of funds, etc. 

d. Abnormal conditions 

e. Emergency conditions which may occur and the action the 
operator must be prepared to carry out 

II. The Maintenance Technician Maintenance Action contains the 
following: 

a. Scheduled maintenance which is performed frequently 

b. Unscheduled maintenance which is performed frequently 

c. Infrequent scheduled maintenance which may be performed as 
conditions permit or may be simulated due to their infrequent nature 

d. Infrequent unscheduled maintenance which may be performed 
as conditions permit or may be simulated due to lack of funds, safety 
hazards or their infrequent nature 

e. Emergencies that might occur during maintenance actions 
(fuel leak, fire, etc.) 

III. The Maintenance Support Action contains the following: 

a. Support action operations that are performed frequently 

b. Infrequent or abnormal support action operations which 
might occur or be required 

c. Emergencies which might occur during support actions 
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The PQS Standard deliberately makes no attempt to specify the 
cedures to be used to complete a task. The only proper sources of this 
formation are the technical manuals, MIMS, MRC's, Naval Air Training am 
Operating Procedures Standardization (NATOPS) or other policymaking doci 
ments prepared for the specific installation or equipment. Additional!' 
the level of accuracy required of a trainee may vary from Command to 
Command based upon such factors as mission requirements, equipment con¬ 
figuration, etc. Thus, proficiency may be confirmed only through demon 
strated performance at a level of competency that satisfies the Command 
Officer. 

400 SERIES (QUALIFICATION CARD). The Qualification (Qua!) Card is an 
accounting document centrally stored at the work center. As a current 
record of qualification, it facilitates the assignment of each newly 
reported person to the most needed area. 

Each Qua! Card contains the following: 

a. Final Qualification Page 

b. Qualification Summary Page 

c. Fundamentals and Systems Summary Page 

d. Performance Sign-off Pages 

1. Final Qualification Page 

The Final Qualification Page, which identifies the goal, is tl 
form upon which the Commanding Officer certifies competency. 

2. Qualification Summary Page 

The Qualification Summary Page summarize the Maintenance Acti< 
necessary to achieve Final Qualification. For example, there may be foi 
Maintenance Actions which require completion before the Commanding Offi< 
certifies Final Qualification. The Summary Page then becomes the recon 
when and by whom the trainee was recommended to assume full responsibil 
for any one Maintenance Action. Upon completion of each Maintenance Ac 
the trainee is examined by the Supervisor. The certifying officer will 
verify satisfactory accomplishment by signing the Qualification Summary 
Maintenance Action qualification will result in a Service Record Entry 
4) and verification of completion of the applicable practical factors fi 
advancement in rate. 

3. Fundamentals and Systems Summary 

The third section serves as a record of completion of the var 
Fundamental and System requirements for overall qualification. 
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h. rerromance sign-uir pages 

In this final section, all of the requirements leading to qua!ifi- 
:ation are specified, including prerequisite Maintenance Actions as well as 
•equired Fundamental and System sections. 

Instructions for performance and discussion in the Qual Card 
'400 Series) duplicates those in the Qualification Standard (300 Series). 

: or example: 

lumber in Qualification Standard Number in Qualification Card 

301 401 

302 ' 402 

303 403 

Separate signature blocks are provided for every discussion and per¬ 
formance item, each of which is assigned a point value of one (1). The 
joint value tally provides both the trainee and the supervisor with an 
indication of the trainee's progress. The total points necessary for 
; inal qualification is obtained by summing the individual pages plus the 
joints for required Fundamental and System sections and is indicated at 
the end of each M aintenance Action. 

Discussion Items 


Though actual execution of the task is always Drefenable to obser- 
/ation or di.scussion, some items listed in each Maintenance Action may be 
too hazardous or occur too infrequently to perform in a reasonable time 
jeriod. For the sake of obtaining timely qualification, the PQS trainee 
nay be permitted to discuss such designated items with a qualified supervisor. 

BIBLIOGRAPHY 


Following the final Maintenance Action is the Bibliography, which lists 
jy title and number all reference materials relevant to the Qualification 
Standard. The Bibliography not only serves as a supplementary source of 
information to the trainee, but aiso as an aid to the command, which will 
oompile a reference library from the listed entries. 

3 QS INFORMATION REPORT AND SUGGESTION SHEET 


The PQS Information Report and Suggestion Sheet (Feedback Form), the 
last page in the manual, is preaddressed for mailing to the PQS Develop¬ 
ment Group. This direct-line response from each Standard user assures 
that the manual will continue to meet the Navy's current needs. All 
feedback should be routed via the PQS Model Manager for your specific 
aircraft type. 
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DEPARTMENT QUALIFICATION ORGANIZATION 


Thus far in this book. Personnel Qualification Standards have been 
reated essentially as single equipment or skill area documents; i.e., 
PN-153 Technician or Plane Captain, respectively. In effect, the scope 
f each Standard is developed within specific departmental guidelines, 
hereby integrating the systems/equipment operated or maintained by the 
esignated Maintenance Technician/Aircrewman. 

ommand-Wide Coding 

The preceding chapter described each Qualification Standard as having 
he following subdivisions: 

100 SERIES — FUNDAMENTALS 

200 SERIES — SYSTEMS 

300 SERIES — MAINTENANCE ACTIONS 

400 SERIES — QUALIFICATION CARDS 

To identify the department and the coordinated skill specialty, the 
ualification Standard for all equipment or skill areas within a Command 
s organized and indexed within PQS by adding another digit to the "Series" 
esignators (above). The four-character code is tabu!ated/interpreted as 
ollows: 


FIRST CHARACTER SECOND THRU FOURTH CHARACTER 

(Qualification Section (Qualification Series) 

Number) 

2 = Plane Captain 

3 = Power Plants 

4 = Hydraulic/Structural 

5 = Electrical Instrumentation 

6 = Uti1ity/Environmental/Safety 

7 = COMM/NAV/IFF 

8 = Special Equipment 

9 = Weapons/Weapon Release 
0 = Pilot 

Each Fundamental, System, and Maintenance Action is assigned a sequential 
lumber. For example, 7105 of an Aviation package is identified as follows: 

1 I 05 

Denotes Denotes Denotes 

Qualification Section 7 100 Series - Fundamental the fifth Fundamental 

(COMM/NAV/IFF) Section Section of the 

100 Series 

The Qualification Cards are designated as the 400 Series. 


100 Series = Fundamentals 

200 Series = Systems 

300 Series = Maintenance Actions 

400 Series = Qualification Cards 
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The Qualification Card will be laennnea oy a a. « »<■ 

it' r .h will denote the Qualification Card number. For example. 

NA7EQ7RA 43XXX-2Q1 denotes the first Qualification Card in 
Qualification Section Two (2). 

NAVEDTPA 43XXX- 3Q2 denotes the second Qualification Card ir 
Qualification Section Three (3). 

In this manner, the Aviation Personnel Qualification Standard Cc 
organized into separate sections for Plane Captain, AD, AMH/AMS, AE, 
AT, A//AQ/RR, and AO. Each of these sections (1000, 2000, 3000, etc) 
are bound into separate booklets referred to as "Qualification Sectic 
Thus, each command's Qualification Standard is physically divided int 
integrated booklets, and each trainee receives only the assigned port 
of the program. 

This coded system has been devised as an index to the entire prc 
and is fully compatible with many of the Navy's computer systems. W1 
each Personnel Qualification Standard, within each division, within e 
department, within each squadron it is possible under this simplified 
system to identify any qualification with a minimum number of charact 
i.e., 3301 Power Plants Maintenance Technician, 3302 Engine Turnup Op 
6301 Utility/Environmental Technician (AME), 6302 Survival/Safety Tec 

.'DP'S 
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PQS IMPLEMENTATION 


The objective of PQS is to provide a well-definea incividual quali¬ 
fication process to indicate when a trainee is ready to assume responsi¬ 
bility for the evolutions of a job. The Qualification Standard program 
in no way intends to imply that the trainee who has completed a given set 
of Qualification Cards is as competent as the experienced officer or petty 
officer. Completion of a given set of Qualification Cards, however, will 
do much to ensure that the newly qualified person is not a personal or 
equipment hazard. Having gone through the process cf qualification, each 
trainee is confident as to acquired knowledge and ability. Supervisors 
will have greater assurance that the trainee will respond effectively. 

Thus, after an operating unit has implemented the PQS program, no one 
should be assigned a task alone until qualified on that task. 

PREPARING FOR IMPLEMENTATION 

In preparation for implementing the PQS Program, Department Heads, 

Division Officers and the leading enlisted supervisors should meet to 
study their various qualifications and to determine the acceptable 
answers to all questions and performance items . Before presenting the 
program to the crew, the unit's operations and current personnel assign¬ 
ments to duties should be analyzed and the first maintenance qualification 
assignment for each member should be resolved. Since every member will be 
assuming a role in the trajning of future crewmembers, no individual should 
receive a Final Qualification without actual completion of his own Qualifi¬ 
cation Cards. It is imperative that specific time periods or time limits 
for Qualification be established by Department Heads and Division Officers 
for each Maintenance Action. The time period takes into account the ship’s 
or squadron's deployment schedule and will tell each individual the time 
they have to become qualified. The time limit also provides a means whereby 
the Department Head, Division Officer and supervisory personnel can check 
individual progress. This is a goal to instill motovation in each indivi¬ 
dual and the spirit of competition with the work center. (See "Tailoring" 
in Chapter V) 

Because each ship and station is unique, the Division Officer and Super¬ 
visor must determine the answers required for each qualification signature. 

The Qualification Standard cannot specify the answers for any ship or command. 
The proper source for the answers include rate training manuals, manufacturer's 
instruction and/or technical manuals, MIMS, MRC's and NATGPS. 

THE GRACE PERIOD 


The grace period is that period of time allowed for experienced personnel 
to become PQS qualified in a specific task during the unit's initial implemen¬ 
tation. The length of this grace period, during which the department operates 
without any PQS qualified personnel, should be decided upon during the super¬ 
visory meeting held prior to introduction of the program to the crew. Ex¬ 
perienced personnel onboard should possess most of the knowledge and skills 
required by the Personnel Qualification Standard; therefore, the transition 
to PQS training should not take an excessive period of time. 
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, ddn , t0 the “grace period," procedures should be establi! 
.. “ecessiI.V for interim qualification of personnel under oth, 
-iiiors. For example, the technician may be assigned an interim qua 
i o w en he must be used to fill a more demanding b, let but does 


n( 


possess a finiMualification, or in the case of a newly reported pe- 
officer who must perform maintenance without prior quail ication. Ii 
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an instance, the steps shown below should be followed. 

Administer oral/written examinations to determine lev< 


a. 


qualification. 


b. Department Head should recommend to the Commanding Ofi 
that an individual be assigned an interim qualification for a specif 
maintenance task. An accurate appraisal of those qualification requ 
which have been deferred should accompany such a recommendation. 


c. Determine a deadline date by which an individual with 
qualification must complete previously deferred items. 


QUALIFICATION OFFICER/PETTY OFFICER 

The role of the officer/senior petty officer in the PQS approacl 
training is extremely important. They must exercise quality control 
what is learned while also serving as a point of reference to assist 
trainee in acquiring the knowledge and skills that could not be achi( 
alone. To ensure uniformity and program quality, only a limited numl 
personnel should be selected and authorized to verify completion of i 
100 and 200 portions of the Qualification Standard. Those officers/! 
officers authorized to sign the 100 and 200 items should be so desigi 
in writing and be made known to all members of the department. Perst 
that have completed specific 300/400 areas are technically qualified 
sign off those areas for nonqualified personnel. However, it is sugc 
that the number of designated qualifiers be limited to ensure posits 
control within each Work Center. A solution would be designate CDI j 
as PQS qualifiers for 300/400 areas; however this is not mandatory, 
command has the flexibility of handling the selection of PQS qualifi* 
considered appropriate; qualifiers for the 300/400 areas need not be 
ianated in writing. 


PRESENTING THE QUALIFICATION STANDARD PROGRAM TO THE COMMAND 


Following designation of Qualification Officers/Petty Officers < 
assignment of initial Maintenance Actions, Qualification Standards si 
be distributed and explained, emphasizing the concept, introduction, 
sary, numbering system and, particularly, the grid network. At this 
distribution of Qua! Cards should be made and the procedures explain 
assignment to Maintenance Action 100, 200 and 300 Series prerequisit* 
signature blocks, the point system and its cross-referencing to the 
Qualification Standard (300 and 400 series) should also be explained 
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It is preferable and nore adaptable to the daily routine of an opera¬ 
tional unit to have the Qualifier who is assigned 1DD and 23? Series check¬ 
out authority announce to the division that a checkout session will be 
held at a given time and place. If possible, the qualified petty officer 
should schedule this session to coincide with a working shift for there 
is no better training aid than the equipment itself. 

Oral examinations should be limited to no more than two trainees on 
a given qualification element at any one time . In this way, each member 
of the crew has the opportunity to display individual knowledge and to 
receive the necessary reinforcement from the supervisor. 

If the examinations are challenging and fair, the learning process will 
be stimulating, the pace of qualification will accelerate, and the trainee 
will be motivated to perform well. During the first few weeks after imple¬ 
mentation, supervisors normally discover a personal reward in that they are 
automatically renewing and reinforcing their own previous knowledge. 

If supervisors follow recommended procedure, they will find that with¬ 
in a short time their roles in the department will change with the increased 
efficiency of trainees. More time will be spent discussing equipment main¬ 
tenance with the trainees and less tire in actual repair. 


AIT officers and enlisted personnel should go through some form of 
qualification or ^qualification process as they transfer to new commands. 

As they move from unit to unit, they retain t**eir rate, rank and NEC, 
but they should not assume automatic Qualification on any given task 
their first day aboard. At the option of the Commanding Officer, however, 
certain Final Qualifications acquired previously may be validated immedi¬ 
ately . 

Formal completion of a new set of Qualification Cards at each new 
duty station is, under normal circumstances, imperative . Requalification 
progresses very quickly since only those differences between past and pre¬ 
sent duties must be learned. Usually this involves determining the physical 
differences between installations. An APS "XYZ" radar at a new station has 
the same functions and interrelations, but the location of equipment, sources 
of power, and distribution of output information may vary. Until these dis¬ 
similarities are identified and mastered, the newly arrived officer or petty 
officer will not be a qualified operator or technician capable of assuming 
responsibility for training personnel reporting from other commands or be 
able to perform maintenance tasks alone. 

Through normal personnel rotation procedures, all officer and petty 
officer qualifications are updated every ^ew years. Additionally, during 
any given tour, senior personnel maintain high levels of expertise through 
the training and counseling of their juniors. 

OPERATIONAL MALFUNCTIONS 


The cause of some equipment malfunctions and personnel injuries is 
due to human error, resulting from lack c* knowledge, inattention to duty, 
or willful negligence. 

There is no foolproof method- of identifying the malcontent who would 
deliberately impair an operation, nor can potential inattention to duty be 
easily detected. However, an error due to lack of knowledge is largely 
preventable since knowledge is measureable. The Qualification Standard 
program can provide a basis for this measurement and for taking appro¬ 
priate action. 

REQUALIFICATION FOR CAUSE 


When an error has occurred, personnel involved should be interviewed 
at the highest reasonable level in the command. If it appears they did 
not at that time possess the required knowledge to perform the task, 
appropriate signatures on their Qualification Cards should be lined out 
and personnel involved should be required to requalify. 
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Petty officers who actually signed the Qual Cards should be inter¬ 
viewed to ensure that: (1) They possess the required knowledge; and (2) 
They took tine to verify the trainee actually accomplished the signed 
iten. The command should hold a similar interview with the officers who 
recommended or qualified the personnel to perform the task. 

The Commanding Officer who swiftly and judiciously enacts the requal 
fication requirement for all or a selected portion of a Qual Card will 
improve the quality of training. 
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ADMINISTRATION AND MANAGEMENT OF PQS 


PQS developed to date have proven beneficial to those commands that 
have fully supported PQS as an element of a well-managed unit training 
program. In those commands where the PQS program has not been successful, 
one or more of the following conditions have existed: 

1. Ineffective management of the overall unit training program 

2. Failure to use sufficient numbers of supervisory personnel to 
execute the PQS program or the unit's overall training program 

3. Failure to establish a program to prepare supervisory personnel 
as PQS qualifiers 

4. Failure to establish and maintain an adequate PQS reference 
library of technical, procedural, and rate training manuals 

5. Failure to establish individual qualification goals and time 
1imits 

6. Ineffective or nonexistent monitoring of individual qualification 
progress 

PQS is an element of an overall unit training program for both afloat 
and aviation communities. As an element of training, PQS is to be incor¬ 
porated as the keystone program for unit personnel qualification. One of 
the essential elements in the effective management of the PQS program is 
the assignment of a specific qualification goal to each individual and the 
time frame in which the qualification is expected to be completed. In this 
regard, it is recommended that the Division Officer and Leading Petty 
Officer conduct individual interviews with newly reported personnel to 
evaluate their past experience, qualifications, and general background. 
After the PQS program has been explained, a PQS package is provided and 
specific completion dates are assigned as to which Fundamentals, Systems, 
and Maintenance Action Qualifications are to be accomplished. Each 
trainee must also be given information as to how much time they are ex¬ 
pected to spend each week on this training in order to accomplish the 
established goals. This procedure will permit the individuals to know 
what they are qualifying for and when they are required to have their 
qualification completed. The procedures required to conduct a successful 
PQS program should be identified in a command PQS Instruction and, as with 
any successful training program, active command attention and an effective 
organization are required to achieve meaningful results; PQS as an admin¬ 
istrative action will not succeed. 

Development of a PQS is inititated by a request from any command via 
its Type Commander to CNO in accordance with OPNAVINST 3500.34. Upon 
approval, priorities are assigned by CNO, and direct authorization for 
development is granted by CNET. 
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guidelines are recommended: 

1. Outline the specific responsibilities of personnel involved (See 
COMMAND PQS DUTIES DEFINED which follows). 

2. Initiate grace period for each PQS qualification (as required). 

3. Establish qualification time frames. 

4. Schedule training periods for PQS. 

5. Ensure applicability of PQS qualifications, eliminating those 
portions which do not apply. Tailor the Standard for your type aircraft 
and mission requirements. 

6. Establish guidelines for requalification. 

RECOMMENDED COMMAND PQS DUTIES 

COMMANDING OFFICER 
EXECUTIVE OFFICER 
TRAINING OFFICER 
PLANNING BOARD FOR TRAINING 
PQS COORDINATOR 
DEPARTMENT HEAD 
DIVISION OFFICER 
LEADING PETTY OFFICER 
QUALIFICATION PETTY OFFICER 
WORK CENTER SUPERVISOR 
TRAINEE 

Recommended functions and responsibilities follow for the primary 
individuals involved with the management of a unit's effective PQS program, 

1. Commanding Officer 

a. Serve as the final qualification authority for the command. 

b. Establish and promulgate an appropriate means of recognizinc 
the achievement of major PQS qualification. These means 
might include (but are not limited to) the following: 

(1) Meritorious Mast 

(2) Letter of Achievement 

c. Ensure that fitness reports and enlisted evaluation 
commentaries are consistent with PQS performance of 
members. 

d. Designate in writing those personnel qualified to certify 

major qualifications. y 
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This method will vary with the "style" and requirements of 
the command, but might include any combination of the 
following: 

(1) Acceptance of recomnendatiors 

(2) Oral/written examination 

(3) Examination board 

(4) Personal observation of performance 

f. Set up a regular and personalized means of testing the 
viability of the unit's program. Establish a personal 
method of determining if the observed nerformance of each 
trainee is correctly documented in the PQS program. 

2. Executive Officer 

a. Monitor the PQS program through the Training Officer and/or 
the PQS Coordinator when assigned. 

b. Maintain and update the unit's PQS Instruction and the 
unit's notice designating the "qualifiers." 

c. Monitor officer PQS progress at least monthly through reports 
of progress by Department Heads at the Planning Beard for 
Training Meeting. 

d. Reinforce command emphasis on PQS by linking it to routine 
administrative practices, granting of special requests, 
recommendations for advancement, etc. 

3. Training Officer (PQS Coordinator, when assigned) 

a. Maintain the basic system references (OPNAV Instructions, 

CNET 3500 and other command directives). 

b. Maintain system software. Ensure that a "tailored" copy 
of each PQS Standard reflecting the type aircraft and 
squadron mission requirements is on file. This can be 
coordinated throuqh each individual work center as reauired. 
Master copies should be held by each work center and Qual 
cards will be maintained in each individual's training 
record. 

c. Order and store "all-hands" PQS such as NA’IP, 6SE, and 
Corrosion Control. 

d. Function as the focal point for ordering Department PQS 
approved for implementation by the Planning Board for 
Training. 
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e. Advise the Executive Officer and Planning Board for Traini 
on all PQS matters. 

f. Prepare all external PQS reports for the command. 

4. Planning Board for Training 

a. Coordinate and schedule PQS training that impacts on 
general unit's training and operations. 

b. Function as the senior examining board if required. 

c. Approve the implementation of newly developed PQS. 

d. Assist the Commanding Officer in the formulation and 
adjustment of PQS goals for the command, which should 
be reviewed at least monthly. 

5. "X" or "I" Division Officer 

a. Review with the trainee the command's policies and pro¬ 
cedures for PQS, using the unit’s instruction and notice 
as a basis 

6. Senior Watch Officer 

a. Perform those duties specified for the "X" Division Officer 
in the case of newly reported officer personnel. 

7. Department Head 

a. Monitor, supervise, and set goals for the officer trainees 
assigned, in accordance with command policy. 

b. Maintain Progress Chart for officer trainees assigned. 

c. Brief the Executive Officer at least monthly on the PQS 
progress of assigned officer trainees. 

d. Set and adjust PQS goals for the Department. 

e. Approve Departmental PQS qualifications. 

f. Serve as Chairman of the Departmental Examining Board 
(if board is required). 

g. Recommend final qualification of a trainee to the Commandin 
Officer. 

8. Division Officer/LCPO/LPO/Work Center Supervisor 

a. Supervise the Division PQS program. 
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based upon past duty station, enroute schooling, etc. 

This determination should be made based upon a review 
of past Qua! Cards and must be made jointly with the 
trainee's ultimate Division Officer. (See “Tailoring" 
on following page) 

c. Issue "all hands" PQS standards and qualification 
cards to newly reported personnel. 

d. Conduct the PQS indoctrination for newly reported enlisted 
personnel, as specified in the unit's instruction 

e. Assign maintenance tasks and PQS goals to individual trainees 
IAW departmental guidance. 

f. Monitor weekly progress of division personnel towards 
PQS goals. 

g. Brief the Department Head monthly on the status of division 
personnel and adjust goals accordingly. 

h. Integrate PQS status with routine administration of special 
requests, early liberty approvals, etc. 

i. Recommend Maintenance Action qualification to the Department 
Head. 

j. Ensure Page 4 service record documentation of PQS. 

Qualifiers 

NOTE: Qualifiers will normally include the Leading CPO/Petty 
Officer of the Division and key qualified personnel. 

a. Thoroughly research and reference those Fundamental and 
System items for which they are responsible. Upon re¬ 
ceipt of new PQS standards, ensure that the Standard is 
"tailored" to reflect the unit's specific type aircraft 
and squadron requirements, eliminating those items that 
that do not apply. 

b. Research those maintenance/aircrew items for which they 
are responsible. 

c. Require all candidates to respond/perform in the prescribed 
standard manner. 

d. Document Qua! Cards. 

e. Motivate trainees to ensure their Progress Charts are 
properly documented. 
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a. Complete training as required. 

b. Ensure Qual Card is properly documented. 

c. Ensure Progress Chart is up-to-date. 

RECORDS . 

In the administration of the PQS program, there is flexibility in 
the format for required records. The following minimum items of infor¬ 
mation will be maintained regardless of what records are adopted within 

a command: 

1. Progress Monitoring . 

a. The organization by name, number and division/work center 

b. Trainees by name and rank/rate 

c. Date trainee completed command PQS indoctrination 

d. PQS Standard by name or number 

e. Date trainee commenced training on a particular quali¬ 
fication 

f. Trainee's progress 

2. Service Record Entries . 

As an individual completes a PQS Maintenance Action and is sub¬ 
sequently qualified by appropriate authority (i.e. Commanding Officer, 
Department Head, Division Officer) the fact should be recorded on Page 
Four of the trainee's Service Record. 

3. Required Periodic Reports . 

Fleet and most Type Commanders do not presently require periodi 
resorts of their individual units. Consult Fleet and Type Commanders' 
directives for specific guidance. 


Basically there are two types of tailoring: (1) Tailoring the qua 1 i 
fication program to meet an individual's particular training needs and 
goals, and (2) Tailoring a PQS Standard to meet the command's particular 
system and equipment configurations. 

1. Tailoring PQS for Needs and Goals . 

a. Newly Reporting Inexperienced Personnel . 

When initially introducing new personnel to the division 
or wo^kcenter, research must be conducted to determine what training 
the individual has received. To validate this requirement, formal school 
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schools are then asked to docurnent those 'tens tc which the student has 
been exposed and to ensure that this documentation is forwarded to the 
trainee's duty station. With this information, tailoring of basic Funda¬ 
mentals and Systems requirements for each individual can be accomplished. 

(It is recommended that a question and answer oeriod he conducted to 
establish the trainee's strong and weak areas.) It is suggested that a 
trainee attending schools or other temporary duty assignments away from 
the parent command bring the Qual Card along for possible sion-off in the 
areas covered by the school. 

The number of evolutions required to perform a task can be 
adjusted to fit an individual's training needs. Some trainees may need to 
perform more than the recommended number of times indicated in the Standard. 
On the other hand some advanced trainees may not have to repeat the perfor¬ 
mance items as frequently. 

b. Requalification Tailoring. 

Each officer and enlisted person should go through some form 
of qualification or requalification process when they transfer to new com¬ 
mands. As they move from unit to unit, they retain rate, rank and NEC. 

They are not necessarily qualified to perform snecific tasks at the new 
command, since each command is unique in organization, equipment and mis¬ 
sion within the framework of a standard type equipment code. There are 
some general qualifications which can be transferred from command to 
command at the discretion of each Commanding Officer. However, under 
normal circumstances, a previously qualified individual should requalify 
in installed systems and items unique tc the unit. Personnel that fall 
into this category should have a tailored qualification program laid out 
for them shortly after arrival at their new command. 

2. Tailoring PQS for Systems and Equipment. 

It must be kept in mind that changes to a PQS Standard must be 
reflected in the squadron's standard answer bank. Tailoring a PQS Standard 
is required by two conditions: 

a. When initially implementation a PQS program or receiving 
a new PQS Standard at the command, the package must be validated to en¬ 
sure that it actually reflects the unit's equipment, system configurations 
and task (Maintenance Action) requirements. This nay require the addition 
or deletion of portions of the Standard . 

b. If the unit undergoes an overhaul, transition, or extensive 
changes, the PQS affected must be updated tc reflect those changes. 

When tailoring a package (adding one or more new areas), there is 
a possibility that the additions have been previously developed for another 
Standard. If changes are complex and extensive, it might be necessary to 
request that a new PQS be developed or existing PQS be updated or revised 
by the PQS Development Group. If this is the case, a request should be 
submitted via the chain of command so the Type Commander can decide what 
should be done and how it will impact on other units. 
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Distribution of a Standard and its Qualification Cards will be determinec 
by and limited to those units configured with the subject equipment/syste 
Quantity of Standard and Qualification Cards will, in general, be deternr 
by the number of personnel aboard affected by the subject matter of the I 
The Chief of Naval Education and Training (CNET) publishes CNET NOTICE 3! 
quarterly listing all PQS material in the Supply System. Individual sto< 
numbers are included to assist each unit ordering from the Naval Publicai 
and Forms Center, 5801 Tabor Avenue, Philadelphia, Pennsylvania 19120. 
complete PQS catalog is included in the Navy Standard Stock List of Publ' 
tions and Forms (NAVSUP 2002). Microfiche editions are issued quarterly 
(February, May, August, and November). Each edition reflects all curren - 
COG 01 and 11 publications and forms. Additionally, Section I and Secti< 
III reflect such information as cancellations and superseded or replaced 
items formerly contained in change bulletins and supplements. 

Requisitions for COG 01 publications will be 'submitted to Naval Publicat' 
and Forms Center, Philadelphia on DD Form 1348. Demand Code "R" (Block 
Col. 44 of DD 1348) must be reflected on all requisitions with the basic 

publi cation. 

The Progress Chart can be obtained at SERVMART (Rev 11/74-1500/1) 

(0115-LP-015-0005 ) or ordered from Philadelphia. 
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RECORDKEEPING 


Aside from the trainee's Qual Card, the PQS program requires only 
one training record, the PQS Progress Chart, for each division or work 
center. (Examples of Progress Charts can be found in the PQS Manager's 
Guide, NAVEDTRA 43100-1) 

PROGRESS CHART 


Listed across the top of the chart are all of the maintenance/aircrew 
qualifications to be completed by each individual in the division or work 
center. The remaining columns may be used to record and coordinate addi¬ 
tional training data to meet the spcific needs of the individual units; 
i.e., competitive exercises, divisional GMT lectures, required shcools, 
etc. 


Vertical columns at the left side of the chart list the names of each 
person in the division and/or those who will be included in the training 
program. The next column is designated to record the last time the chart 
was updated for each individual. 

The Indoctrination column indicates the date on which the trainee 
received PQS pre-instruction. This record is included to ensure that 
each trainee is aware of how to use PQS. 

Point totals for a qualification are recorded under each qualification 
titile. Applicable only as management tool to monitor individual progress, 
the point tallies do not measure the complexity of maintenance/aircrew duties. 
Totals may vary according to the requirements of each command. 

The maintenance action and progress columns are designed for multiple 
use. The progress column contains the points earned each week according 
to the go!as assigned by the Division Officer. The maintenance action 
columns are halved diagonally to record both the dates on which the subject 
qualification was assigned and the projected completion date. The right- 
hand section is used to indicate the total points accumulated. Using this 
method, the indivudal will know which Maintenance Action must be worked on 
and when it is to be completed. By comparing points earned with total point 
value, and elapsed work time with the planned completion date, the Division 
Officer and Leading Petty Officer can monitor each individual's progress at 
a glance. Completed qualification is made visibly notable by blacking out 
the Progress block. 
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PROVISIONAL/TEMPORARY QUALIFICATION 


Date _ 

From: _Department Head 

To: Commanding Officer 

Via: PQS Coordinator 

Subj: Provisional/Temporary Qualification for Watchstation 

Ref: (a) Squadron's PQS Instruction 

(b) Wing's PQS Instruction 

1. In accordance with reference (a), it is recommended that 

be awarded a Provisional/Temporary PQS 

(NAME/RATE) 

Qualification as __. 

(MAINTENANCE ACTION) 

2. For the purpose of Provisional Qualification, the following practical 
factors/qualification requirements will be deferred in accordance with 
reference (b): 


3. For the purpose of Temporary Qualification, the above items will be 
postponed in accordance with reference (b) (these items will be completed 
in no more than _months) or (not later than _19_). 


DEPARTMENT HEAD 


From: PQS Coordinator 

To: Commanding Officer 

1. Forwarded, having reviewed suDject person's Qualification Card for 
discrepancies. 


PQS COORDINATOR 


From: Commanding Officer 

To:___Department Head 

1. The Provisional/Temporary Qualification of 

is approved. 

(MAINTENANCE ACTION) 


(NAME/RATEy 


as 


COMMANDING OFFICER 


Copy to: 

PQS Training and Evaluation Group 
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DEPARTMENTAL PQS QUALIFICATION PETTY OFFICER NOTICE 


From: _Department Head 

To: _Department Personnel 

Subj: Departmental PQS Qualification Petty Officers; designation of 

1. This notice promulgates PQS Qualification Petty Officer designations 

for the_Branch. 

2. The following_Branch personnel are designated to sign 

Qualification Cards in Fundamental/System (100/200) sections for the 
_ PQS Standard: 


(Department Head) 


Copy to: 

PQS Coordinator 

Individual's Training Jacket (Optional) 
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PQS EVALUATION GUIDELINE 


1. Administrative Requirements 

a. Does the squadron organization manual define or is there a 
squadron instruction which defines the PQS program? 

b. Is the squadron Training/Evaluation Board firmly established 
and actively involved in assisting and evaluating the squadron trainina 
program? 


,c. What report does the Executive Officer require of the PQS 
Coordinator and how is it disseminated to the Commanding Officer? 

d. Does the PQS Coordinator maintain a current library of the 
following? 


(1) NAVEDTRA 43100-2 (Aviation Handbook on Management and 
Implementation procedures for Personnel Qualification Standards) 

(2) Current listing of PQS Standards (CNETNOTE 3500) 

(3) OPNAVINST 3500.34 

(4) OPNAVINST 1500.11 

(5) CINCLANTFLTINST 3500.19 

(6) CINCPACFLTINST 3500.16 

(7) COMNAVAIRLANTINST C3500.52 

(8) COMNAVAIRPACINST 3500.1 

e. Is an explanation of PQS included in the squadron indoctrin- 
tion program? 

f. Are service record entries being made? 

g. Have individualized short-term goals/deadlines been established 
for personnel in each work center? 

h. Have books and qualification cards been issued to each person 
in the required areas? 

i. Are questions and answers for oral/written exams recorded to 
provide uniformity and continuity within the qualification program? 

j. How many personnel onboard have final qualification certifi¬ 
cation by the Command? 
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WORK CENTER PQS EVALUATION GUIDELINE 


From: PQS Training and Evaluation Group 
To: Commanding Officer 

! /ia: Executive Officer 

Subj: Personnel Qualification Standards; inspection report of 
___Work Center 


3 ART I - General PQS Maintenance 


<ZS NO 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 


Are all pertinent Progress Charts posted? 

Do Progress Charts include all assigned PQS Standards? 

Are proper entries made on Progress Charts? 

Are personnel aware of their own record of progress on 
the chart? 

Are Qualification Petty Officers assigned by name? 

Are Service Record entries being made? 

Are only PQS qualified personnel signing off qualification 
items? 

Are required reference books and technical manuals onboard 
and available? 


'ART II - Personnel Awareness 


:andomly select a minimum of two individuals listed on the Work Center 
'rogress Chart. 

Names: 1. _ 

2 . _ 

_ _ 1. Can they locate the Progress Chart? 

_ _ 2. Do they know who their Qualification Petty Officers are? 

_ _ 3. Can they locate their Qualification Cards and state the 

procedure for getting items signed off? 

_ __ 4. Can they locate references and other materials needed to 

accomplish items on the Qualification Card? 
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Can they demonstrate a knowledge of items included < 
Progress Chart? 


REMARKS: (Indicate repeated discrepancies. Three or more "no" an: 
indicates unsatisfactory PQS performance). 


Copy to: 


Department Head 


PQS Training and Evaluatior 



THE VP PQS MODEL MANAGER PROGRAM 


The VP PQS Model Manager Program team was officially established on 
3 March 1978. Patrol Squadron THIRTY-ONE was designated as the VP PQS 
Model Manager and Patrol Squadron THIRTY was designated as the CPWL PQS 
Coordinator. (A listing of proposed PQS Model Managers is included as 
Appendix J.) Major objectives and responsibilities of the Model Manager 
Program follows. 

OBJECTIVES : 

Develop and maintain a viable personnel qualification system which: 

a. Yields the best possible trained individuals in VP Maintenance 
and aircrew positions by developing/revising PQS materials that reflect 
changes in aircraft configuration and training concepts. 

b. Ensures type, model and series PQS acceptance and standardization 
within the VP community. 

c. Provides timely development and revision of PQS materials by 
establishing close liaison with COMPATWINGSPAC/COMPATWINGSLANT/VP Fleet 
Squadrons/Readiness Squadrons/VP Reserve Squadrons and the PQS Development 
Group, San Diego. 

d. Maximizes the efficient use of available training resources 
(manpower, aircraft, weapon system trainers, facilities) by developing an 
integrated PQS Program interfaced with CPWP/CPWL Squadron Training Programs. 

RESPONSIBILITIES : 

a. Administer the VP PQS Model Manager Program. 

b. Revise/draft PQS materials where necessary and maintain liaison 
with the PQS Development Group, San Diego, for the timely incorporation of 
changes. 

c. Disseminate interim PQS changes to applicable users in a timely 
manner. 

d. Maintain PQS master copies incorporating all pertinent changes. 

e. Convene an Annual Joint VP PQS Review Conference. 

f. Convene, as required. Fleet Squadron VP PQS Review Workshops 
for establishing inputs to the PQS Program. 

g. Solicit and review PQS changes from al 1 VP Units on a continuing 
basis. 
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Systems Development Team (ISDT), the P-3 NATOPS Model Manager, hAbi 
Tactical Training Teams and FRS Training/Maintenance/FRAMP departmi 
to align and incorporate requirements/revisions to the PQS Program 

i. VP-30 acts as the CPWL PQS Coordinator and is d signated 
assist Atlantic Fleet VP squadrons in the implementation and condui 
their PQS Program. 

Meeting these objectives requires the full cooperation of all 
squadrons. Timely submission of recommended changes and/or new idi 
innovations is the responsibility of each PQS holder and will ensui 
program which is responsive to the needs of the patrol community. 

A key to any training program is built on flexibility. The Mi 
Manager Program provides long-term flexibility through Model Managi 
and squadron-generated changes. 

Short-term flexibility rests with squadron Commanding Officer: 
PQS program was written for optimum training conditions. Each Comr 
Officer must exercise the short-term flexibility of the PQS prograr 
trying to manage PQS in other than optimum conditions. 

The overall intent of the PQS program is to provide each squa< 
with a viable training tool which is standardized throughout the pi 
community. Success in the use of this tool is directly related to 
effort expended by each squadron in the administration of the progi 
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PROPOSED PQS MODEL MANAGERS 


NATOPS MODEL 

A/C 

NATOPS MODEL 

VA 174 

T-34B 

NAS PNCLA 

VA 42 

T-34C 

VT 3 

VAQ 129 

T-28 

VT 27 

RVAW no 

C-131 F/G 

TACSUPWING DC 

RVAW 120 

UH-1N 


VF 121/171 

TH-57 

HT 8 

VFP 63 

KC-130 

USMC 

VS 41 

EC-130 

VA 3 

HSL 30 

LC-130 

VXE 6 

HS 1 

C-130A 

VC 3 

USMC (HC-3)* 

F-14 

VF 124 

HM 12 

C-12 

COMRESTACSUPWING 

VRC 30 

T-2 

VT-9 

VRC 30 

T-44 

VT 31 

VT 86 

E-P3 

VQ 1 


P-3A/B/C 

VP 31 

COMRESTACSUPWING 

A-3 

VAQ 33 


COMRESTACSUPWING 


ce 19' 2 5 



Information Report and_.Suggestion Sheet 
PQS DEVGRU AUTOVON 957-5367 


Fro m _ DATE 

Activity__ 

Mailing Address_ 

_ AUTOVON # 

Qual Standard Affecte d . N AVEDTRA #_ 

Section Affected__ 

Page #_ 

Date Commenced Qua! _pate Completed Qual__ 

Remarks/Recommendations (Use additional sheets if necessary) 


Suggestions for improving this Qual Standard 
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in the direction of the track. 

8. Empirical Rules for Thickness of Arch Ring.—With t 

trial curvature of the intrados decided upon, the next step i n t 
design of a concrete arch is to choose a trial thick ness of { j 
ring at the crown and at the springing. Since tin* crown 
ness depends not only on the thrust, but also upon (he loeufu 
of the line of pressure, it is obvious that it is impossible to devi< 
a formula for its determination. Various empirical formula 
however, have been developed for this trial thickness at the crow 
and are an aid to the judgment. 

Mr. F. F. Weld 1 gives the following formula: 


where 


h = vi+—+~ + y 
V + 10 + 200 + 400 


h — crown thickness in inches. 

I = clear span in feet. 

pounds por squ * re '“*■ 

"'""“Sot™ thC ° r ° W " 0f th0 “ rdl 1 

Under 20 ft. h = 0.03 (6 + 1)* 

20 to 50 ft. A = 0.015 (30 + l)* 

n t0 JS ^ = °-00010 (11,000 + m 
Over 150 ft. h =0.016 (75 -j- l) J 

*F° r railroad arches, add 25 per cent. 

IFor r ° a s aTCheS ’ add 20 P° r «»t. 

IFor railroad arches, add 15 per cent. 

J£ ; D ' B ' Luto gives th « formula for 


h =4 + ^U±JF) 

4000r - l* + [_30,000r ' 


. Wc (l + Sr) 
150r~' 


where h = crown thickness in inches. 

1 ~ clear span in f ee t. 

,rom spri ° gins i» fa*. 

■—..iSaSiSj--. „ 

Vl] En « in <^a’ Pocket Book. 


KJTUJl\ JLlUbHU LJjf .Lin 


X J7 


F = the fill over the crown of the extrados in feet. 
w = uniform live loads in pounds per square foot. 
w c = concentrated loading consisting of maximum live 
loading on single track over half-span in tons. 

The thickness of an arch should increase from the crown to 
the springing (except for a hinged arch which is not considered 
here). The radial thickness of 
the ring at any section is fre¬ 
quently made equal to the thick¬ 
ness at the crown multiplied by 
the secant of the angle which 
the radial section makes with 
the vertical. For segmental p IG n 

and three-centered curves the 

radial thickness at the springing ( a-a , Fig. 11) should be taken 
from two to three times the crown thickness. 

The empirical rules given above, it must be remembered, should 
be used only for trial. The exact shape of the arch ring and the 
thickness at different sections must be determined by analysis 
as subsequently explained. 

9. Classification of Arch Rings. —Arches may be classified as 
hinged or hingeless. A hingeless arch is one having fixed ends, 
while a hinged arch may have a hinge at the crown, a hinge at 
each end, or a hinge at each end and one at the crown. Arches 
of one and two hinges are not used to any extent in masonry 
construction since the three-hinged arch offers the advantage of 
more definitely fixing the line of pressure throughout the ring 
and thus makes possible a saving of material. Hinges are, 
however, often an expensive detail and the three-hinged arch is 
by no means so common as the concrete arch having fixed ends. 
Friction on hinges is also an important consideration. 

Concrete arches without hinges will be treated in the chapters 
immediately following and later on will be considered the modi¬ 
fications necessary for three-hinged arches. 





CHAPTER II 

deflection of curved reams 

Deflection formulas for curved beams (in which the radius of 
curvature is large as compared with the depth) are employed in 
the development of arch theory. Hence, it is important for the 
student to appreciate the meaning of these deflection formulas 
before taking up the theory of arches, and this appreciation of 
the formulas can come only by following through their deriva¬ 
tion. A proof for these formulas will now be attempted. 

Let AB, Fig. 12, be any portion of a curved beam in its un¬ 
strained form and A'B the same portion in its strained form, 
assuming the beam rigidly fixed at B. Let A' — A’ and 1 — F 
be rectangular axes with origin at A, and denote the components 
of A' as Ax and Ay. AO, tangent to the arch axis at A, moves 
through the angle k. It is desired to derive formulas for the 
following values: (1) angular change of AO, (2) component A/ 
Of A', (3) component Ay of A'. Only the effects of dead and 
live loading will be treated in this chapter leaving the effects of 
temperature change and direct stress for consideration in the 
chapter on Arch Analysis. 

10. Angular Change.—Consider abed as any small portion of 
the beam included between two consecutive cross-sect ions at right 
angles to the axis. Assume the radius of curvnt tire of t he 1 team as 
large in proportion to the depth so that the length of all fibers 
may be assumed equal. Now assume the end ad as fixed, and let. 
the change in angle between end faces or end tangents of this 
element (of length s) due to bending be denoted by I;'. (See Figs. 
12 and 13.) The change in length of a fiber at a distance r 
from the neutral axis will be equal to rk' (the angle k' being 
expressed in circular measure) and the deformation per unit 

length of beam will be equal to —• Now E - - um< sln ‘ ss 
. . s ’ unit (Informal ion 

(by definition of modulus of elasticity), or, stress per unit area 
at distance r from the neutral axis = (E) X (deformation) 

E-~. 

s 


20 



Let a (Fig. 14) be the area of a small element of the cross- 
section at a distance r from the neutral axis. Then the stress on 

this area equals E • — • a, and the moment of this stress about the 

h r 

neutral axis equals E • ar 2 * ~ • The total moment of resistance of 
the cross-section is the sum of all the moments of resistance for 


Y 




the separate elements, which resolves itself into finding the sum 
of the expressions (ar 2 ). 

The term moment of inertia, I, may be defined as follows: The 
moment of inertia of a plane surface with respect to an axis is 
the sum of the products obtained by multiplying each elementary 
area by the square of its distance from that axis. If 2 is taken 
to mean the sum of, then it is evident that £ar 2 between the limits 
of the section represents the moment of inertia of the section. 


Hence, 


M = El or k' 

a 


(This expression might have been obtained mure direct ly by 

employing the formula derived from the .. mu theory of 

flexure.) But an expression for the angle k is desired, and this 
must be obtained by a summation of all the angles I:' for the 
elements of the curved beam from A to Ji. 1 >cnotc t his sunmm- 

B 

tion by 2 k', then 

A ... _„ 


In deriving the foregoing equation, a material with constant E 
has been assumed. For beam of reinforced concrete 

M = EJ. “ + EJ. *• 


= {EJ. + nEJ.) 


E c (7. + nl, 
„ . k' 


= EJ 


or 


and 


V = 


Ms 

EJ 



in) 

ill 


The smaller the elementary lengths of beam considered, t la- 
more accurately will Formula (1) apply. The values of ,1/ atnl / 
have been regarded as constant quantities for each particular 
elementary length considered. Since this is not true in practice 
on account of each element having appreciable length, a close 
approximation to the actual M and I for a given element mav be 
obtained by taking the values of the bending moment ami 
moment of inertia at the mid-point of s. 

11. Components of Deflection.— Consider HCDEFA , Fig. 15 . 1 , 
to represent the axis of the unstrained form of the beam of Fig. 
U and let the beam pass into its strained form by the bonding of 
each elementary length s in consecutive order. Bending the 



element BC through the angle ¥ causes the portion AC to turn 
through this same angle about C as a center, the point A moving 
to A c (with radius u) through a small distance that we will call 
dv, having the components dx and dy. Fig. 151? shows clearly 
the method of bending. Bending the element BC through the 
angle ¥, if AC is kept stationary, would cause B to move to the 
point B'. Now revolving the bent beam about C as a pivot 
until B r is brought back to B, it should be noticed that A moves 


Y 

t 



Fig. 157?. Fra. 15C. 


to A fi . Fig. 15C shows the bending of the clement CD. Thus 
from the bending of CD ' the point A c moves to A#, etc. 

If x and y arc the coordinates of any point C, origin at A, we 
have, by similar triangles (triangles are similar since the side dv 
is practically at right angles to the radius u , the movement 
being very small) 

dy x . dx y 
— = and . - = " 
av u dv u 









Solving for dy and dx and substituting for dv the value uk', we 
have 

dy = xk' dx = yk' 

Substituting the value of k ' from Equation (a), we have 

. Ms , , Ms 
dy = x jjjj, and dx = y 


Summing up the value of the components for each change' of k' 
in angle, the total change of angle made is k, and dy and dx 
become A y and Ax, respectively. Then 


and 


Ay 


y B MXS 

~ xl 1 


Ax = 


5 Mys 
a EJ 


(2) 

( 3 ) 


(As in simple beams, M is considered positive when it tends to 
increase the compression on the back of the arch. The minus 
sign is used in Formula (2) because the effect of a positive value of 
M in any element causes an upward deflection—that is, a minus 
value of Ay, considering only the effect of bending in the element in 
question.) 

Formulas (1), (2), and (3) are the fundamental formulas em¬ 
ployed in the analysis of masonry arch rings by the elastic 
theory. 


CHAPTER III 


ANALYSIS OF THE SYMMETRICAL ARCH BY THE ELASTIC 

THEORY 1 

12. General Discussion. —A concrete arch with fixed ends is 
statically indeterminate. There are, in all, six unknown quan¬ 
tities—three at each support (the vertical and horizontal com¬ 
ponents of the reaction, and the bending moment; or, what is 
the same thing, the magnitude, direction, and point of applica¬ 
tion of the reaction)—and it is possible to determine only three 
unknowns by the principles of statics. The three additional 
equations may be found from the following conditions: 

The change in span of the arch ~ Ax = 0 

The vertical displacement at one end relative 
to the other end = Ay = 0 

The angle between the tangents to the arch 
axis at the two ends of the arch remain un¬ 
changed, or Ah = 0 

These three conditions must be true since the arch is fixed at the 
abutments. 

Instead of actually finding the components of the reactions 
and the moments at the supports as outlined above, it is simpler 
for symmetrical arches to take the origin of coordinates at the 
crown and find the thrust, shear, and moment at that point. 
The method of doing this will be explained later, but it should be 
clear that, with these three unknowns determined, each half of 
arch may then be treated as statically determinate. 

The analysis of an arch consists in finding the thrust, shear, 
and bending moment at the crown and at intermediate sections 
in the arch ring or arch rib, and then finding the stresses result¬ 
ing therefrom. A longitudinal slice of the arch is considered, 
having a thickness of 1 ft. The thrust is here taken to be the 
normal component of the resultant force on the section, and 
the shear is the component at right angles to the normal. The 

1 Method of unnlyHiH in taken by permiHHion from Turnoaure and Mmirer’n “ Principlen 
of Reinforeed-eonerete Cormtruet.ion,'’ 2d edition, pa^en IS.'Sf) to .'Si t. Copyright 1007, 1000 
by F. E. Turneaure and 10. It. Maurer. 


bending moment will be considered positive when if. tends to 
increase the compression' on the back of the arch, this being 
the same convention as for beams. 

A horizontal thrust is produced at the crown when the arch is 
loaded symmetrically. For non-symmetrieal loading, an in¬ 
clined pressure acts at the crown, but its horizontal component 
is called the horizontal thrust for that loading. Its vertical 
component is the shear at the crown. Let us assume the arch 
as cut at the crown and consider each half to act as a cantilever 
sustaining exactly the same forces as exist in the arch itself. 
The external forces holding a semi-arch in equilibrium (Fig. 16) 



are the loads Pi, P h etc.; the horizontal thrust, II c , the. vertical 
shear V c , and the reaction at the skewback It a . 

After H c , F c , and M c have been computed, the, line of pressure 
(accurately enough represented by the equilibrium polygon) can 
be constructed by help of the force polygon, Fig. 16. The value 
Me definitely determines the point of application of II, and 
makes the construction of the exact line of pressure possible. 
For a positive value of M Cl the thrust II c acts above the arch 

) • From - thls llne of pressure and the accompanying force 
poiygon may be obtained the thrusts, shears, 21,1 
moments at intermediate points of the arch. The force polygon 
pves dnectly the thrusts and shears, while the line of prelmre 

any sec^tete f™* 011 of the bonding moment at 
’ bendm g moment being equal to the resultant 



pressure at the given point multiplied by the perpendicular 
distance from the arch axis to the line of pressure. Usually the 
line of pressure is drawn to serve only as a check on the com¬ 
putations, and the bending moments at the various points are 
determined algebraically. This algebraic method for finding 
moment will be employed in the designing work to follow. 

The line of pressure of an arch is a continuous curve, but dif¬ 
fers very little from an equilibrium polygon for the given loads 
(Fig. 16). In fact this curve becomes tangent to the equilibrium 
polygon between the angle points. The greater the number of 
loads, the nearer the polygon approaches the line of pressure. 

With H c , V C) and M c determined, all external forces are known 
except the reaction at the skewback, and this is determined by 
the closing line of the force polygon. An equilibrium polygon 
may then be constructed as already mentioned, the first side 
being in the line of R c produced, the second parallel to the ray 5, 
and so on until the last side through q gives the position of R a . 

13. Notation. —The following notation will be employed in 
arch analysis: 

Let 

$ = length of a division of the aren ring measured along 
the arch axis. 

n h = number of divisions in one-half the arch. 

I = span of arch axis. 

c a — average unit compression in concrete of arch ring 
due to thrust. 

t c = coefficient of linear temperature expansion. 

t D — number of degrees rise or fall in temperature. 

E c — modulus of elasticity of concrete. 

At the crown, let 

He = horizontal thrust. 

V c = vertical shear. 

R c = resultant of lie and V c . 

Me = bending moment. 

At any point on the arch axis, with coordinates x and y referred 
to the crown as origin, let 

N = thrust (normal) on radial section. 

S = shear on radial sect,ion. 

R = resultant force on radial section, resultant of N and 8. 



x 0 = eccentricity of thrust on section, or distance of N 
from the arch axis. 
t = depth of section. 

I = moment of inertia of section including steel = 

Ic 4" 

A = area of section including steel = a c + na a . 
p 0 = steel ratio for total steel at section. 
d! = embedment of steel from either upper or lower 
surface. 

M = moment = Nx 0 . 

m L = moment at any point on left half of arch axis of all 
external loads (Pi, P 2 , etc.) between the point and 
the crown. 

m R = moment at any point on right half of arch axis of all 
external loads between the point and the crown, 
m = moment at any point on either half of arch axis of 
all external loads (Pi, P 2 , etc.) between the point 
and the crown. 

14. Formulas for Thrust, Shear, and Moment. Let Fig. 1 7 
represent a symmetrical arch loaded in any manner and cut at 



the crown, the halves being separated in order to show the forces 
acting at the section cut. 

Formulas for thrust, shear, and moment at the crown will first 
be developed and then will follow a formula for moment at any 
section. Thrust and shear at any section may easily be de¬ 
termined graphically. 

The horizontal motion of C as regards the left cantilever, due 
to bending of the elements between A and C, is the same in 


1 Taken by permission from Turneaure and Maurer’s “Principles of Hcinforccil-coucrcic 

5“and “ E d M™ ^ 339 ‘ 343 ’ a0d 344 - C0Pyrigh ‘ 18 ° 7 ' ITO) 







amount as the horizontal motion of C as regards the right canti¬ 
lever, due to bending of the elements between B and C. It should 
be noticed that a positive bending moment for an element on the 
left will tend to move C in the opposite direction from a positive 
bending moment for an element on the right. Then, from 
Chapter II on “Deflection of Curved Beams/ 7 we have 





s 

Ed 


(The coordinates x and y refer to the center of each short length 
of arch ring of length s, when M is also taken at the center.) 
The vertical motions are equal but in the same dirction, hence 




= s o Mx ti 


Also the changes in direction of the tangent to the axis at C are 
equal but opposite in direction, hence 

A Q B Q 

\ M wn - - \ M ii 

s 

The arch ring will be so divided into sections that j will be made a 


constant. Then E c also being a constant, the quantity 
may be placed outside the summation sign. Thus, denoting 

A B 

2 M by 2M/, and 2 M by 2 M R) we have 
c c 


^M L y = - 2 M R y 
2M L x = 2M r x 
2 M l = - 2 M. r 


(b) 

(c) 

(d) 


The bending moment at any point may be expressed as follows: 

M l = M r . + II c y + V c x — rn L 
Mji = M c . + II c y — Vc.x — m R 

where M L and M R arc the moments at the center of any division 
to the left and right of the crown respectively. Substituting these 
equations in (b) } (c) t and (d), combining terms, and noting that 
2 M c for one-half the arch is equal to n h M e , we have 

2ilf r 2?/ + 2// 0 2?/ 2 — 2 mjjy — 2 ni R y = 0 
2 Vc'Zx 2 - 2 m L x + 2 m R x = 0 
2 m.M, 4- 2II.. 2// - - 2 mr, = 0 


(e) 

(f) 

(a) 


Combining (e) and (g) 



yJmr. 4 - ms)y — 2 (m*+ »««)-// 

f4) 


He — 2[?d»2i/ 2 — (2?/) 2 ] 

From (/) 

2 (m - m R )x 

rr>) 


Vc ~ 22Z 2 


From (g) 

2 (tol + m R) ~~ 2# c 2?/ 

M ‘ - 2 n h 

(fi) 


These are the fundamental equations in the analysis of arch ring*. 
All summations refer to one-half the arch axis, and the signs of 
m R) xj and y being taken into account in the derivation of 
the formulas, their numerical values should be taken as positive 
when substituting to obtain the corresponding values of If n 
7c, and M 0 . A positive value of V c indicates that the line of 
pressure at the crown slopes upward toward the left j a negative 
value, downward toward the left. 

The values of the thrust, shear, and moment being found from 
the above equations, the moment of any section of the left canti¬ 
lever is 

M = M e + H c y + V c x - m L (7) 

and, at any section of the right cantilever, 

M = M c + H c y - V c x - m R (8) 


To the thrusts, shears, and moments in an arch due to loads 
must be algebraically added the thrusts, shears, and moments due 
to a change of temperature. For a rise (or fall) of temperature of 
the arch ring of t D degrees, the span of arch axis l would tend 
to increase (or decrease) in length an amount expressed by 
UdI, t e being the coefficient of linear expansion. The arch being 
restrained at the abutments, thrust, shear, and moment would be 
caused at the different sections of the arch ring. 

The method of procedure for determining formulas for If, 
and M c due to temperature is similar to that employed in de¬ 
termining the corresponding formulas due to loads. The value 
As of Formula (3) is equal to the amount of the tendency of the 

half-span to change in length, or and k of Formula (1J is 



zero since the crown section rises and falls in a vertical line as the 
material of the arch expands and contracts. Thus, we have, con¬ 
sidering either half of the arch, 

Since there are no external loads to be considered in the matter of 
temperature and since the arch is symmetrical, V c = 0, and 

M = M c + H c y 


Substituting this value of M in the above equations and remem- 

s 

bering that g-j is to be made a constant, we have 


McZy + H c ^y> 


t c tj)l E C I 
2 ’ $ 


From which 

and 


H c = 


n h M c + H c ^y = 0 

I e 


s 2 [rih'Ly 2 - (St/) 2 ] 

H c S?/ 


Me = ~ 


n h 


(9) 

( 10 ) 


The bending moment at any point is 


M — M c ~f" II c y 


( 11 ) 


In Formula (9) the value t D should be inserted as positive for a 
rise in temperature and negative for a drop in temperature. The 
value of t c may be taken at 0.000006 per degree Fahrenheit (see 
Art. 13, Volume I) and the value of E c at 2,000,000 lb. per square 
inch. Moments are usually expressed in foot-pounds and the 
distance y in feet, in which case the value of E c should be sub¬ 
stituted in Formula (9) in pounds per square foot and the value 
of l in feet. Since there are no outer loads to consider, the thrust 
and shear at any point in the arch may be found by resolving II c 
normal and parallel to the arch section at that point. 

It should be noted in Formula (9) that, for a given span, 
the horizontal thrust due to temperature varies inversely as 
[n /t 2?/ 2 — (wT/)“], which means that a slight decrease in rise of 
the arch will produce considerable increase in rimr stress. 


If the span and rise are kept constant, He and likewise il/„ 
vary directly with /, or, in other words, with the cube of the depth 
of section. On the other hand, fiber stresses for a given moment 
are known to vary inversely only as the scjuaie of the depth oi 
section. Thus in light highway bridges, where temperature 
moment constitutes a large proportion of the total moment, the 
resulting fiber stresses may actually be increased by an increase, 
of section. 


The thrust acting throughout the arch tends to cause a shorten¬ 
ing of the span. Denote c a as the average unit compression in 
concrete of arch ring due to thrust. Then the arch span will 

Cal 

tend to shorten the amount ■=}■• This action tends to produce 

the same result as a lowering of temperature and the value of 

cj 

the resulting crown thrust may be found by substituting for 
t c t D l of Formula (9). Hence, 


I C a l7lh 

s ‘ 2 [n h 2y 2 - (2t/) 2 j 


( 12 ) 


and, as for temperature stresses, 

M c =-^y 

n h 

M = M c + H c y 


03) 

(H) 


Thrusts and moments due to rib shortening are usually small 
except in flat arches, where they may become fairly large. 

15. Division of Arch Ring for Constant j— Since the depth of 

the arch ring generally increases from the crown to the spring¬ 
ing, the moment of inertia I likewise increases, but much more 
rapidly; in fact, it increases approximately as the cube of the 

depth. To maintain a constant j, the divisions should be made 

to increase in length as the arch ring deepens, and some pre¬ 
liminary computations are necessary to do this. 

The greater the number of divisions selected, the more accurate 
the results; but for an arch of ordinary span, the number need 
not be greater than twenty—sixteen or twenty being the common 
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rule. Of course, since each half of arch is considered separately, 
the number of divisions should be even. 

To obtain the value of j (the constant), determine first the 

length of the arch axis. Next, calculate several values of j 

at equal intervals along the arch and determine its mean value. 
Then 

i _ il I 

I “ UK I 

where V is one-half the length of arch axis, uk the desired number 

of divisions in one-half the arch, and j the mean value found as 

previously explained. In determining this value the steel should 
be considered. 

After once the value of j is known, the lengths of the divisions 

can be readily determined. Assume a length of the first division 
to one side of the abutment. Determine the value of I at the 
center of the assumed division. Then divide the length assumed 
by the value of I determined for the center. If the length of the 
division was assumed correctly, the result should equal the value 

of j computed above. If not, the necessary adjustment should 

be made, and so on for each division until the crown is reached. 
The lengths of the assumed number of divisions should agree 
with the length of one-half of the arch axis. If an error exists 
which is not large, it should be divided proportionately among the 
divisions. 


If desired, a graphical means may be employed by which to 

s 

divide the arch axis into divisions having a constant y The 

method to be given will be used in the arch design which follows. 

Fig. 18 illustrates the method in detail. A B is drawn to any 
convenient scale equal in length to one-half the arch axis. The 
curve FF is then drawn through points whose ordinates are the 
values / and whose abscissas are the corresponding distances 
along the arch axis from the skewbaek. (In order to make the 

.1 .:_ ..1_ ii.„ _i* .. j .. ,i ...i:_ .:.i*. u 



determine the curve EF are not shown.) A length All is t hen 
assumed, a perpendicular LC erected at its center, and the lines 
AC and CH determined. Starting from point II, lines are drawn 
parallel alternately to AC and CH, as shown in Fig. 18. Only 
three or four trials will usually be required to divide the line 
AB into the desired number of divisions. The base of each tri¬ 
angle thus formed corresponds to s and its altitude to L Since 

all the triangles are similar by construction, the term ^ is con¬ 
stant throughout. 

A convenient modification of the above method is to draw a 
second curve E'F ' below AB, using the same ordinates as for EF. 
AH is then assumed as before and the perpendicular CC/ erected 
at its center. Starting with C', diagonals and verticals are drawn 
alternately making the diagonals parallel to AC . This method 



Distance along Arch Axis 
from Skewback 


Fig. 18. 


offers the advantage of drawing all the diagonals parallel to the 
same line. 

16. Loadings to Use in Computations.— Small earth-filled 

arches should be designed at least for uniform live load over t he 

whole span and the half-span. Large earth-filled arches and 

arches having the roadway supported on spandrel arches or 

spandrei cohimns should be designed for live load over one- 

third of the span, one-half of the span, two-thirds of the span, t he 

whole span, the middle third of the span, and the end thirds of 

trim w hese .™ lform ladings are only approximations to the 

loadiii ^ Pr ° dUCe the maximum stresses ‘ The exact 
loadings to cause maximum conditions may be found by the 

use of influence lines, as will ovnio^A^i ™_» 




temperature range in concrete structures. Undoubtedly the 
most important are those which have recently been completed 
under the direction of the Engineering Experiment Station at 
Ames, Iowa, on two highway arch bridges of the earth-filled 
type. These experiments 1 are described in detail in Bulletin 
No. 30 of the Iowa State College of Agriculture and Mechanic 
Arts where a summary is also given of the other tests that have 
been made on internal temperature variation. 

In the Iowa experiments, thermometers were embedded in 
different parts of the arch ring in such a manner that the ther¬ 
mometers were in direct contact with the concrete at the depth 
of penetration. Both mercurial soil and electrical resistance 
thermometers were employed. 

The tests of the Squaw Creek arch at Ames extended over the 
greater part of the school years 1909 to 1912. The west arch of 
this bridge was the one tested, it being easy of access. The arch 
is unsymmetrical with a span of 45 ft. and a total rise of 11 ft. 
3 in. at the center of span. 

The tests on the Walnut Street bridge at Des Moines were 
made in 1911 and 1912—daily readings being taken covering a 
period of 1 year. This bridge is composed of six 68-ft. spans 
with a rise of 11 ft. 6 in. The east arch was selected upon which 
to make the experiments. 

Internal Range in Temperature .—The results on the two 
bridges mentioned were obtained during years in which the 
extreme atmospheric temperatures, both high and low, were the 
greatest recorded for many years. With this in mind, the results 
show that about 75 per cent of the mean atmospheric variation 
would be effective temperature range in a mass of concrete of less 
than 5 or 6 ft. in thickness. The atmospheric mean variation 
at Des Moines was 102°F., 75 per cent of which is 7G.5°F. 
This is only 2.7° less than the average obtained on the Walnut 
Street bridge during the period January to August, 1912, and 
but 2.6° less than the average obtained on the Squaw Creek 
bridge for the same year. 

Heat Generated in Setting .—The results obtained in the Walnut 
Street arch tests show a rise to an average maximum temperature 
of 94.5°F. in an average time of 33 hours after pouring, while other 

1 By M<!B8ra. C. S. Nidiolw and O. B. Mc.CuIIoukIi. 



results quoted in the bulletin show maximum high temperatures 
in setting varying from 100° to 130°F. attained in time intervals 
of from 18 hours to 8 days after placing. All considered, the 
value of 100° may be taken as a safe average of the final tem¬ 
perature attained by concrete in setting in structures typical of 
the Walnut Street arch. 

The following is quoted from the bulletin above mentioned: 

Temperature Variation.—“ The main point of interest in con¬ 
nection with the temperature rise, due to the setting action, is 
not so much in the amount of this maximum itself, as in the fact 
that apparently all the subsequent temperature change is a 
drop, the stress-producing variation thus becoming more nearly 
equal to the entire temperature range than to one-half of it. 
This seems to be the conclusion drawn by Mr. Merriman (from 
his experiments on the Boonton dam), who says: 'If the maxi¬ 
mum temperature attained is 100°F., then the stress-producing 
range is the difference between 100°F. and the lowest temperature 
subsequently attained.’ 

“While at first thought the above conclusion would seem to 
apply also to concrete arch structures typical of the ones herein 
described, yet the following facts demand our consideration. 
The sheer drop in temperature during the first season might induce 
stresses in the steel of the arch ring exceeding the elastic limit, 
thus producing a permanent set in the steel. This would operate 
to raise the elastic limit of the material in the direction of the 
stress (tension) to about the point of greatest stress, and produce 
in the arch ring a permanent deformation. The temperat ure of 
zero stress would then be, not the initial temperature, but. the 
temperature which originally produced an elongation or distor¬ 
tion in the steel equal to the permanent set. During the* subse¬ 
quent seasonal variations, the variation of temperature would bo 
each way from this new mean. Thus the temperature variat ion 
would be reduced to a value more nearly equal to one-half of the 
temperature range than to the whole range. On the other 
hand, the elongation of the steel might be so localized at the 

point of greatest bending as to cause an unsightly crack in the 
concrete. 


In the Walnut Street arch a temperature drop of the entire 
range, 87.6°F. plus the entire dead load and rib shortening cause a 
s ress in the steel less than the elastic limit of the material. As 
a result, there are as yet no cracks in the structure, although it 



SYMMETRICAL AKCJti 


has passed through a season of maximum external temperature 
variation. 

“In the Squaw Creek bridge at Ames, a temperature drop of 
80° or even 60° will stress the steel at the spring-line above the 
elastic limit, with the result that at three of the four corners of the 
structure there are unsightly cracks at the exact point of com¬ 
puted maximum stress. If this cracking is due to a permanent 
set in the steel, the effective stress-producing variation is now 
probably each way from a mean corresponding to the amount of 
the set produced, and the stresses consequently much lower than 
during the first year. 

“In the Locust Street bridge at Des Moines, the steel is also 
stressed above the elastic limit with a sheer temperature drop 
equal to the range, and in proof of the theory above advanced, 
there are cracks at the crown of both the shore spans at the points 
where a theoretical elongation in the steel corresponds to a 
temperature drop. 

“In spandrel-filled arches it is doubtful if at the coldest period 
much of the dead load, aside from that of the concrete itself, 
comes upon the structure by reason of the arching action of the 
partially frozen fill. However the amount of the arching action 
is problematical. This might tend to reduce the mathematical 
stresses produced by the application of all forces. 

Effect of Atmospheric Temperature .—“It will be noted that the 
range during the first seasonal variations, which include the high 
temperatures of setting, exceeded the subsequent seasonal range 
by about 10 per cent of the former. It is obvious that had the 
concrete been placed at any other than the extreme high tem¬ 
perature of summer, the heat of setting would have been dissi¬ 
pated to a greater extent, and the range would have been less. 
This is illustrated by a comparison of the setting temperatures 
attained in different latitudes. The experiments in the tropical 
Panama climate showed a rise exceeding those of this country 
by from 10° to 30°. Other conditions being equal, a temperature 
more nearly normal would seem to be better for the concreting of 
arch structures typical of the ones herein described. 

Lag .—“The data on the lag seem to show that in structures of 
this type the minimum temperatures are attained in time 
intervals anywhere from less than 1 day to 4 days after the 
atmospheric minimum. This interval depends upon the posi- 



tion of the portion of the structure! cwisidrml, and is roughly 
proportional to the distance from the nearest exposed face. 1 ’ 

Agreement with Theory.—Levels were taken over the areh rings 
of both bridges from time to time to determine the rise and fall 
of the arch ring with variations in temperature. It was found 
that when uninfluenced by other factors than atmospheric vari¬ 
ation, the rise and fall agreed quite closely with theory. 

Conclusions as to Necessary Provision for Temperature Changes . 
—The writers of the bulletin concluded from the foregoing re¬ 
sults and considerations that “to render an areh structurally 
safe, provision should be made (in the latitude where the bridge 
tests were conducted) for stresses induced by u temperature 
variation of at least 40°F. each way from an assumed temperature 
of no stress. Particular circumstances may demam 11 hat a greater 
variation be used for drop in temperature to prevent the ap¬ 
pearance of cracks. This will always remain largely a matter 
of judgment with the designing engineer.” 

18. Shrinkage Stresses Due to Setting. 1 —In arches con¬ 
structed in longitudinal ribs, shrinkage in the concrete due to 
setting tends to deform the arch ring in a manner similar to that 
resulting from a temperature drop. A lowering of tin* tem¬ 
perature, however, causes contraction of both steel and con¬ 
crete, while with shrinkage the concrete alone is contracted. Ah 
the concrete contracts, the steel is compressed until an equilib¬ 
rium is established between the compression in the steel and the 
tension in the concrete which entirely restrains further shrinkage* 
of the mass. 


The contraction which results from shrinkage* causes a <lc»w re¬ 
ward deflection of the arch ring, which induces bending stresses. 
One side of the arch ring is thrown into tension and the other 
side into compression. On the one side the tension in the steel 
is offset by the compression due directly to shrinkage. On 
the other side the compressive effects in the steed are additive, 
ending to throw quite heavy compressive stresses in the 
reinforcement. 

The primary effect of shrinkage and the bending effect due to 
the same cause must be considered in the concrete as well. The 

mivaTv?' + G ^ ^ ens * 0n ’ kut the bending stresses which result 
must be taken into account and added algebraically to the direct 
shrinkage stresses. 

Iowa vmbatim from llullrti.i N„ :m *(..• 
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In connection with the temperature range experiments on the 
Walnut Street bridge described in the preceding article, observa¬ 
tions were made on a block of concrete 36 in. long, 10 in. wide, 
and 6 in. deep, cast at the same time as the arch ring on the east 
arch. The object of these measurements was to determine 
the change in dimensions of the concrete during the period of 
setting. The block was of a 1:2:4 mixture, cast wet, and un¬ 
reinforced. The measurements, made at a constantly-maintained 
room temperature of 72° for 100 days, showed a shrinkage of 
0.04 per cent. This is somewhat less than the results of Mr. 
A. T. Goldbeck (see Concrete Age, August, 1911), who arrived 
at a coefficient of shrinkage of about 0.0005. 

It is possible theoretically to determine the stresses in steel 
and concrete due directly to shrinkage. If we let c denote the 
coefficient of contraction of the concrete, the contraction per unit 
length of the reinforced section may be expressed as follows: 

fc __ fs 

Cr ~ C E c ~ E, 

Now, for equilibrium, 

fc = Vf'. 


From these equations we get 


fc 

/'■ 



The contraction of the reinforced section may be found by the 
formula 


C r ip ) Or C r 
ri/8 


1 + np 


which is, of course, somewhat less than that of an unreinforced 
section. It is this contraction which causes the downward 
deflection of the arch ring and causes bending stresses through¬ 
out. Formulas may be determined for thrust, shear, and moment 
due to this bending, in the same manner as described for tem¬ 
perature in Art. 13. 

The following tables have been taken from Bulletin No. 30 
of the Iowa Engineering Experiment Station. They give the 
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above theory. A value of 0.0004 was taken for c which gave an 
average value of c r = 0.0003-j. 


STRESSES AT CROWN 



Stress in steel 

1 

Stress in 

concrete 

Condition of loading 

Maximum 

tension 

Maximum 

compres¬ 

sion 

Maximum 

tension 

Maximum 

compres¬ 

sion 

Dead load and shrinkage. 

. 7,400 

6,400 

None 

513 

Dead load only. 

-2,000 

3,130 

—130 

213 

Effect of shrinkage bending.... 

9,400 

3,270 

130 

31H 

Primary effect of shrinkage. 

Net maximum stress induced by 

-10,000 

10,000 

130 

—130 

shrinkage. 

None 

13,270 

130 

I IKK 

! 


— Indicates stress of opposite kind. 


STRESSES AT SPRINGING LINE 



i 

Stress in steel j 

Stress in concrete 

. 

Condition of loading 

Maximum 

tension 

Maximum 

compres¬ 

sion 

Maximum 

tension 

1 

Maximum 

compres¬ 

sion 

Dead load and shrinkage. 

4,200 

2,950 

None 

2 IK 

Dead load only. 

None 

1,500 

j None 

no 

Effect of shrinkage bending. 

4,200 

1,450 

i None 

10K 

Primary effect of shrinkage. 

Net maximum stresses induced 

-10,250 

' 10,250 

121 

121 

by shrinkage. 

None 

i 

11,700 

121 

None 


—Indicates stress of opposite kind. 


From the tables the most serious results seem to he the high 
compressive stresses induced in the steel reinforcement. The 
ordinary compressive stresses in the steel of arch rings, however, 
due to dead and live load, temperature, and rib shortening are 
usually low and, unless these stresses approach the allowable 
value, the effect of shrinkage need not be considered. The 
Walnut Street arch has a high percentage of steel and the tables 
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seem to show that in arches lightly reinforced the compressive 
stresses in the concrete may need to be investigated. 

The above discussion is instructive but should not be taken too 
seriously. For example, it is doubtful if such large initial stresses 
occur in concrete (restrained by reinforcing material only) as is 
represented by a value of c r = 0.0003^. Consid&re in his ex¬ 
periments observed a contraction in 1:3 mortar reinforced with 5| 
per cent of steel to be only 0.01 per cent, or one-fifth the amount 
his tests showed on plain mortar. By the preceding formulas 
a contraction of about 0.03 per cent could be expected. It is 
reasonable, then, to conclude that a gradual adjustment takes 
place in the concrete during the process of hardening which re¬ 
sults in less internal stress than theory would indicate. It is 
also unlikely that the shrinkage in any actual structure would 
be as great as that found on the laboratory specimen. In¬ 
vestigations of the actual shrinkage in concrete arch bridges will 
be needed before any very exact computations can be made 
for shrinkage stresses. 

19. Deflection at Any Point. —The deflection at any point in 
an arch may be found by Formula (2), Art. 11, or 

Ay = - EJ ' 2 ‘ Mx 

The arch should be assumed as cut at the point in question, and 
either portion of the arch may be considered. The cantilever 
selected should be subjected to exactly the same forces as exist in 
the arch itself. 

If the deflection of the crown of a symmetrical arch is desired, 
the value of M due to loading for any section of the left cantilever 
may be found from Formula (7), Art. 14; or, substituting this 
value in the above equation, we have 

Ay = - (M e 2x + H,Zxy + V^x 2 - Z,rn,x) 
ti r L 

For temperature changes, Formula (11) of Art. 14 may be sub¬ 
stituted in place of Formula (7), or 

- .^j(M,^x + H c 2xy) 
ti c l 

Icirjli'HhZxy — 2x2y) 


Ay = 
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20. Reliability of the Elastic Theory.-. Formulas based on the 

elastic theory and actual experiments on arches have been found 
to give results which agree within practical limits. Whatever 
error occurs in applying the formulas is duo chiefly to the inac¬ 
curate assumption that the entire cross-section of the concrete 
of each section of the arch ring is effective and that f he location 
of the neutral axis, due to bending only, does not change through¬ 
out the arch. The neutral axis without any doubt shifts alxiut 
under the action of different loads (see Art. 39, Volume I) and, 
as the elastic theory assumes the bending to take place about the 
neutral axis of each element (see Fig. 13), the values of x and y 
should properly be measured to some kind of an undulat ing curve. 
This curve, however, cannot be determined conveniently, so that 
the assumption is made in arch analysis that the arch axis passes 
through the neutral axis of each section. This is undoubtedly 
far from the truth where tension occurs and the steel t akes all t he 
tensile stress. Such a condition of stress is limited, however, to 
small isolated portions of the span and the error in the total result 
is undoubtedly small. 

A comparison of some theoretical and experimental results on 
arches is given in the Railroad Age Gazette, March 2(i, 1909, in an 
article by Malverd A. Howe entitled “Experimental Verification 
of Arch Formulas.” 

Attention should be called to the uncertainty as to f he fixedness 
of the ends of the arch. This uncertainty can be reduced or 
entirely eliminated by taking the skcwback for purposes of 
analysis at a plane where the ends of the arch are virt uallv fixed. 
Whenever the abutments are of such a form that there is no 
pronounced change of section at the springing lines, then the 
analysis should include the whole structure down to the point 
where the distortion due to the live load on the arch will be 
inappreciable. In some cases this may be the very bottom of f he 
abutment. 

21. Method of Procedure in Arch-ring Design.-— Tin* main 
steps that need to be taken in the design of an arch ring may be 
enumerated as follows: 

1. Assume a thickness for the arch ring at the crown and at 
the springing, using empirical formulas, if desired, as an aid f o f he 
judgment. 

2. Lay out the curve assumed for the intrudes. 
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3. Lay out a curve for the extrados to give as nearly as possible 
the assumed ring thickness at the springing. 

4. Draw the arch axis between the extrados and intrados. 

5. Divide the arch axis into an even number of divisions 

5 

such that the ratio j is constant for all. 

6. Compute the dead and live loads, and indicate these loads 
properly on the drawing. 

7. Compute H CJ V c , and M c at the crown for the different 
conditions of loading. 

8. Draw the force polygons for the different conditions of 
loading and the corresponding equilibrium polygons, or lines of 
pressure. 

9. Determine the thrusts, shears, bending- moments, and 

s 

eccentric distances at the centers of the j divisions of the arch 

ring for the different conditions of loading. 

10. Compute the thrust and moment at the crown due to 
variation in temperature; also the moments on the various sec¬ 
tions, and the corresponding thrusts and shears by resolving the 
crown thrust into tangential and radial components. 

11. Where necessary, compute the thrust and moment at the 
crown, and the thrust, shear, and moment at various sections due 
to rib shortening. 

12. Combine the thrusts, shears, and moments due to the 
different conditions of loading with the thrusts, shears, and 
moments due to temperature and rib shortening. (The results 
usually show that the shearing unit stresses are very small and 
need not be considered.) 

13. Compute the maximum stresses—compression in the con¬ 
crete and tension in the steel—due to the thrusts and moments. 
If the stresses are either too small or too large, the dimensions or 
even the shape of the arch ring must be changed and the com¬ 
putations repeated. 

Note.- —A book of multiplication tables such as Dr. A. L. 
Crelle’s “ Rechentafcln ” is convenient when making computations 
in arch analysis. The student is advised to procure a book of 
this nature. 

22. Skew Arches. —Skew arches may be treated exactly as 
right arches, the span being taken parallel to the center line of 

road wav and not, at nVht an id ns tn thn snrimrimr linns of thn arch. 



CHAPTER IV 

design of an earth-filled arch bridge 

23. Data.— It is proposed to design an electric-railway arch 
bridge in accordance with the following data: 

Rise, 9 ft. 0 in. 

Span, 48 ft. 0 in. 

Depth of earth filling over crown, 12 in. 

Depth of ballast above earth filling (at crown) to base of 
rail, 16 in. 

Dead load: 

Earth filling, 120 lb. per cubic foot. 

Concrete, including reinforcement, 150 lb. per cubic foot. 
Ballast, ties, and rails, 150 lb. per square foot of roadway. 

Live load: 

A uniform load equivalent to 50-ton electric curs in train. 
In view of the considerations presented in Art. 7, it will 
be sufficiently accurate and on the safe side to consider 
a uniform load of 200 lb. per square foot extending over 
a 12-ft. width of arch at the crown. Live load will be 
applied over only the whole span and half-span. No 
allowance will be made for impact. 

Latitude of Ames, Iowa. 

Conditions of calculations: 

/c = 600 lb. per square inch in arch ring for a 1 :2 :4 
concrete—temperature variation of 40° F. each way 
from an assumed temperature of no stress. 
fs — 16,000 lb. per square inch—temperature variation 
of 40 F. each way from an assumed temperature 
of no stress. 

E, = 30,000,000 lb. per square inch. 

E c = 2,000,000 lb. per square inch. 
n = 15. 

Allowable pressure on foundations shall not. exceed 5 tons 
2>er saiifl.rA fnnt 
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Steel in the arch ring will be placed in two layers—one layer 
near the intrados and the other a corresponding distance from the 
extrados. The writer can give no assurance that the steel ar¬ 
rangement to be used in this design does not infringe one or more 
of the existing patents on concrete bridges. Assurance of this 
nature would be unwise since engineers well versed in patent 
law claim that an efficient, safe, and economical concrete arch 
bridge cannot be designed at the present time without patent 
infringement. In this connection the reader is urged to study 
carefully Chapter XII of this volume. 

24. Selection of the Trial Arch. —A trial depth of 9 in. will 
be taken at the crown with a radial depth of 21 in. at the spring¬ 
ing. The arch assumed is shown on Designing Sheet No. 1. As 
explained in Art. 4, the intrados for an earth-filled arch with a 
ratio of rise to span of less than one-fourth will lie between an 
ellipse and a segment of a circle, and the trial shape of arch ring 
must be chosen according to judgment. 

25. Dead Loads and Their Action Lines. —Now that the trial 
arch ring has been assumed, the dead loads may be determined. 



The earth filling and ballast, ties, and rails should first be 
reduced to an equivalent height of masonry, as shown in Fig. 19. 
For example, since the earth filling reaches 1 ft. above the ex¬ 
trados at the crown, the vertical distance ah should be laid off 
120 

equal to = 0.8 ft. In a similar manner the distance he 

150 

should be laid off equal to = 1 ft. Points d and/ should be 
determined for the loading at c, and similar points should also 

K/-v -__ xu,._u *. .me.* _i. 







being taken to fully determine the curved line /< - This line is 
called the reduced-load contour. 

The arch with its load should now be divided by vertical lines 
into trapezoids, or what are nearly bo. For tenting the trial arch 
by the approximate method (to be presented m the following 
article), the horizontal distance between springing linen may be 
conveniently divided into divisions of equal horizontal length and, 
.for the trial arch at hand, the number will be made sixteen, 
that is, eight divisions on each side of the crown. 

The next step is to determine the area and center of gravity of 
each trapezoid. With the area known, the load corresponding to 
each trapezoid is found by multiplying by the weight of a cubic 
foot of concrete. (The student must carefully bear in mind that 
the arch considered is included between two longitudinal vertical 
planes 1 ft. apart.) The center of gravity for each of the 
trapezoids may be found as follows: Extend AB (Hg. HO so 
that BE = CD, and in the opposite direction extend CD so that 
CF = AB . The intersection of EF and the median 67/ is the 
center of gravity sought. 

26. Approximate Method of Testing Trial Arch.—Since the 

dead load of earth-filled arches usually controls the shape of the 
arch ring, the next step will be the testing of the trial arch for 
this loading, employing an approximate graphical method. In 
the method referred to, that form of arch in which the line of 
pressure and the arch axis most closely approach each other is 
considered to be the best that can be designed. A few words 
of explanation are needed for the student to understand the 
limits of this method. 


There are two classes of theories of the stability of the masonry 
arch—the line-of-thrust theories and the elastic theories. The 
line-of-thrust theories do not consider the elastic properties 
of the material and are usually employed for arches made up 
of wedge-shaped stones, called voussoirs. For instance*, si one 
arches are generally calculated by these theories and the* stability 
of the arch ring is considered as depending upon the friction and 
the reaction between the several arch stones. Various assump¬ 
tions are made in arriving at these different line-of-thrust, t hcorios, 
and the results derived from them are not so accurate as where 
the elastic properties of the material are employed. They may 
be made use of, however, in determining the proper shape of the 
arch ring before applying the elastic theorv to mrmniu.hw* 
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or even before applying the elastic theory to voussoir arches, 
since any voussoir arch, whether of stone or brick, will act as an 
elastic arch as long as the line of resistance remains within the 
middle third. 

A line-of-thrust theory by Winkler may be stated in a general 
way as follows: “The true line of pressure is the one lying near¬ 
est to the center line of the arch ring.” The proof of this theorem 
depends on the assumption that the load is vertical, that the 
equilibrium polygon coincides with the line of pressure, and that 
the arch ring has a constant cross-section. This theorem for an 
earth-filled arch will evidently be more reliable the flatter the 
arch, since for such a type of arch the less are the conjugate 
horizontal forces produced on the arch ring by the earth filling. 
The matter of regarding the equilibrium polygon as coinciding 
with the line of pressure is assumed in all theories, but a con¬ 
stant cross-section of the arch ring is not usually the case in 
practice and generally increases, as it should, toward the spring¬ 
ing as the thrust increases. 

Now if an equilibrium polygon be passed through the centers of 
the arch ring at the crown and springing, this line will be very 
near the true line of pressure. In the trial arch mentioned 
above, if the equilibrium polygon and the arch axis do not 
closely approach each other there will surely be another shape of 
arch ring which will fulfill this condition, and hence have prob¬ 
ably lower maximum stresses resulting from the live and dead 
loads. Thus, the method of obtaining the best form of arch is 
to find for what form the line of pressure for the dead load and 
the arch axis most nearly coincide. It should be clear that this 
method will aid us in getting pretty near, at any rate, to the 
proper form for the arch before applying the elastic theory. 

In order to pass an equilibrium polygon through the centers of 
the arch ring at the crown and springing, the load line should 
first be laid off as shown on Designing Sheet No. 1 and then any 
convenient pole O' selected in the horizontal through the point k 
in the load line, this point representing the end of the load 
nearest the crown. The next step is to draw the rays to the 
force polygon and then construct the corresponding equilibrium 
polygon beginning at the center of the arch ring at the skewbaek 
(point A). If now the first and last strings are prolonged to an 
intersection at B, a vertical line is determined which contains the 


The equilibrium polygon which wo haw constructed duos not 
pass through the center of the arch ring at the crown and u not 
the one required. We do know, however, that the hrst string 
which passes through A must intersect the last string in the 
vertical through B and that the last string must be horizontal 
due to symmetrical loading. Drawing a horizon! ai line t hrough 
the center of the arch ring at the crown determines the point G 
which is the intersection of the first and last strings of the 
equilibrium polygon required. A line drawn through m of the 
force diagram parallel to CA determines the true pole O on the 
horizontal through k. If the force diagram is n<>w completed for 
this pole, the required equilibrium polygon may be easily drawn. 
The line of pressure is seen to follow the arch axis very closely 
and the trial arch will be accepted for analysis. 

In both preliminary and final analysis the arch ring should l>e 
laid out to a scale of 1 in. = 3 ft., and care should be used in the 
drafting work so as to have the dimensions exact and the lines 
sharp. 

$ 

27. Division of Arch Ring for Constant j . The* method of 

X , 

dividing the arch ring into divisions having const ant j is given on 

Designing Sheet No. 2, and the divisions themselves an* shown 
on Designing Sheet No. 4. The procedure* should In* dear from a 
study of Art. 15. 

28. Moments and Thrusts. —A complete set of formulas, as 
shown on Designing Sheet No. 3, should he at hand before starting 
the arch analysis. The notes on this sheet are given for con¬ 
venience and may aid in preventing errors due* tot he* use* of wrong 
algebraic signs. The formulas show, first of all that the* (‘anti¬ 
lever bending moments are required at the* renters of the ^ 

divisions caused by the given external loads (eemsidering the* arch 
as two cantilevers). These moments are* found on Designing 
Sheets Nos. 5 and 5 A by both algebraic and graphical methods. 
The algebraic method should be clear, hut. the* graphical or 
equilibrium polygon method of finding these* moments may ne*c*d 
explanation. 

ACB represents the arch axis and the load line is arb. O is 
any convenient pole on a horizontal line through the point r - 
a point on the load line at the junction of the crown loads /V 


The equilibrium polygon corresponding is mnop and, since Oc = H is 
horizontal, the segment no is horizontal, and the desired bending 
moment at any point such as 5 is equal to the intercept on the 
vertical through this point (included between the equilibrium 
polygon and the horizontal line no produced) multiplied by the 
pole distance H, or m = Hk 5 . 

If desired, the cantilever moments due to live loading may be 
found somewhat more accurately than indicated in Designing 
Sheet No. 5. This may be done either by drawing the parabolic 
curve for moment due to uniform loading or by computing the 

§ 

value of the live moment at the center of each j division in the 

same manner as for any point in a simple cantilever beam. 

Designing Sheet No. 4 shows that the dead load is divided 
into separate forces in a different manner than in the preliminary 
analysis of the arch. This second division of the dead-load forces 
is not common in practice since, theoretically, there is no rela¬ 
tion between the divisions of the arch ring and the points of 
application of the loads, the only requirement being to have 
such a small subdivision of the arch ring and of the load that 
the errors of approximation may be neglected. It seems to the 
writer, however, that taking the separating load-planes through 

the centers of the j divisions results in more accurate values of the 

bending moments, which actually bend the separate elements of 
the arch ring, than are obtained by the common method of load 
subdivision. Besides, the usual division of the arch requires the 
perpendicular distance from the arch axis to the line of pressure 
at a division point to be measured at or near the load, and this 
is a most unfortunate selection if the eccentric distances at the 
sections are to be checked graphically. The load arrangement 
here proposed eliminates any error in scaling these distances, 
since between load points the equilibrium polygon and line of 
pressure coincide. 

The live and dead loads near the crown act practically in the 
same vertical line and hence no sensible error results from 
assuming them to do so. Near the springing, however, where 
the horizontal distance between division points is considerable, 
the live and dead loads may need to be considered separately. 
In the arch in question a separation of dead and live load is made 
between division points 1 and 2. 


Moments and thrusts for the different conditions of loading and 
for temperature and rib shortening are given on Designing Sheet 
No. 6. The writer has tried to arrange the results on this sheet 
in such a form that the operations involved will be elear and will 
need but little explanation. The values of x and y wen' sealed, 
and the values of m for dead load and for live plus dead load were 
carried forward from Designing Sheet No. 5. The magnitudes 
of the thrusts, N, were scaled from the force polygons on Design¬ 
ing Sheet No. 4, and the computed eccentricities x„ used simply 
as a check on the resultant line of pressure determined from the 
computations. The values of M and N for rib shortening were 
obtained directly from the moments and thrusts due to a fall of 
temperature by multiplying by the decimal 0.337. 

In finding the average unit compression in the concrete due 
to thrust, only the total thrusts caused by dead load plus live 
load on right half of span have been considered, and these only at, 
five sections of the arch ring. For light arches, such as the one 
we are designing, this method is sufficiently accurate for all 
practical purposes. For heavy arches, however, the effect, of 
temperature (rise and fall) and rib shortening may need to be 
taken into account. There are two cases to Ik; considered in 
such arches: (A) That due to dead load, live load, full of tem¬ 
perature, and rib shortening; and (B) that due to dead load, live; 
load, rise of temperature, and rib shortening. The method of 
finding the average unit compression in this more accurate 
manner will be shown by making the computations for the arch in 
question, adopting the same position of the live load as previously 
mentioned, 


Case A. Assume c a — 155 lb. per square; inch. 

H = —(0.016) (155) (144) (49.2) (8) _ oo , „ 

c 490.8 '- 287 lh - 

„ / , , 22,400 - 890 - 287 

a( rown) — - =25,2501b. per square foot. 


c a (at point 3) 


(1)(0.75) + 0.092 

4(23,600 + 23,900) - 850 - *+2X7) 


c a (at springing) = 


____ 890 

(1)(0.80) + 0.092 

= 25,400 lb. per square foot. 
§(29,200 + 31,600) 620 ' 


620 


(1) (1.75) + 0.092 


890 


(287) 
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c a (for arch) = = 22,200 lb. per 

square foot. 

(155) (144) = 22,300 lb., assumed value of c a is satisfactory. 
M ,,- (- 287 K 14 ; 6 5) , +526tt -i b 

Case B. Assume c a = 160 lb. per square inch. 

.. /160\ . 


25,250 + 25,400 + 16,050 


M 0 = - 


= + 526 ft.-lb. 


#. = (■- 287) (y~) = 296 lb. 


. , . 22,400 + 890 - 296 

c a (at crown) = - Q-g-^ '-= 27,300 lb. per square 

foot. 

§(23,600 + 23,900) + 850 - ~|^(296) 

c a (at point 3) =- 0^92 - 

— 24,300 lb. per square foot. 


J (29,200 + 31,600) + 620 - 395(296) 
c a (at springing) = -- 

= 16,700 lb. per square foot. 

, x 27,300 + 24,300 + 16,700 _ _ „ 

c a (for arch) =- 5 -= 22,700 lb. per square 

J foot. 

(160) (144) = 23,000 lb., assumed value of c a is satisfactory. 

m . . - = + 542 ft.-ib. 

TABLE OP SHEARS 


M c = — 


+ 542 ft.-lb. 


Live load on 
right half of 
span 

Live 

load 

on 

Temperature 
(fall of 40°, rise 

Rib 

short- 

j 

Max. 

Cross- 

section 

Max. 

shear 

Left Right 
half half 

whole 

span 

or 40 , shears of 
opposite sign) 

ening 

shear 

1 

(sq. 

in.) 

(lb. pe 
sq. in. 

- 820 - 820 

0 

0 

0 

- 820 

108 

8 

+3200 +1000 

+1300 

-640 

-220 

+3620 

252 

14 

+ 1900 - 200 

+ 1100 

-535 

-180 

+2255 

161 

14 

- 200 -1600 

- 600 

-360 

-120 

-2080 

117 

18 

+ 100 - 900 

- 300 

-280 

- 95 

-1275 

115 

11 

+ 100 - 300 

- 100 

-230 

- 80 

- 610 

114 

5 

+ 50 + 100 


-175 

- 60 

+ 215 

111 

2 

- 150 + 400 


-120 

- 40 

+ 480 

109 

4 

- 400 + 600 


- 75 

- 25 

+ 650 

108 

6 

n nn onn 


_ on 

__ 1 n 

i_ q 1 n 

i no 

Q 







52 REINFORCED CONCRETE <o.\Ena rnn.x 

It is not customary to determine tho shears at tin* miters of 
the j divisions. The shears for the arch hen; analyzed are given 

above in order to show the student that the values obtained are 
actually very small. 

29. Combining of Moments and Thrusts. —The met Inal used 
in combining moments and thrusts for maximum stresses will 
be explained by giving all the computations needed in finding t he 
maximum stresses at point 1. Reference should be made to 
Designing SheetsNos. 6 and 7. Moments and thrusts due to a fall 
of temperature will usually combine with the moments and t hrusts 
on right half of span (live load on right half of span) to give one 
set of maximum conditions. Moments and thrusts due to a rim 
of temperature will usually combine with the moments and 
thrusts on left half of span (live load on right half of span) to 
give a second set of maximum conditions. A third set dm* to live 
load on the whole span will need consideration at tin* crown and 
at sections near the quarter points. It is convenient to combine 
rib-shortening moments and thrusts with those for temperature 
as a preliminary operation. If the values of M, X, and Xu 

(or ~) of any given set are lower than corresponding values 

in some other set for the same section, then the first-mentioned 
set of values need receive no further consideration. Thrusts are 
likely to control at the crown and moments near the springing. 

The necessary computations in combining moments and 
thrusts at section 1 are as follows: 


Fall of Temperature: 


M 

.V 



Temp. 

— 8900 

710 



R. short. 

-1200 

240 




-5200 

050 

M 

N 


M 

X 

-5200 

- 950 


-5200 

050 

-5200 

28,000 


+ 900 

:*i,r>r>o 

-10,400 

27,050 


-4800 

30,700 

Rise of Temperature: 


M 

N 



Temp. 

+3900 

+ 710 



R. vshort. 

-1800 

— 240 
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M 

N 

M 

N 

+2600 

+ 470 

+2600 

+ 470 

+5500 

26,500 

+ 900 

31,650 

+8100 

26,970 

+3500 

32,120 


It is quite evident that the other possible combinations could not 
give maximum conditions. In fact, an experienced designer of 
arches would recognize immediately that the first set only needs 
consideration. The set having a value of M = +8100 ft.-lb. 
should be eliminated at once since the values of M , N, and Xo of 
this set are lower than the corresponding values of the first set. 

To comply with some types of specifications it is also nec¬ 
essary to find the maximum moments and thrusts with those due 
to temperature variation excluded, the idea being not to allow 
the line of pressure to depart from the middle third for such con¬ 
ditions. The method of doing this should be clear from the 
above example in which the moments and thrusts due to tem¬ 
perature are taken into account. 

30. Maximum Stresses. —Maximum stresses at each section 
should be found for the entire arch, using Diagrams 13, 14, and 
15 of Volume I, which are based on an embedment of the rods 
from each surface equal to one-tenth the depth. (Diagrams 
for other depths of embedment will be given in Chapter V, but 
these will not be considered here.) In light arches the embed¬ 
ment near the crown will be proportionately much greater than 
assumed and the stresses as determined by the diagrams of 
Volume I will be lower than the actual. Those sections where 
maximum stress is likely to result should then be again consid¬ 
ered and the stresses computed accurately by using the formulas 
on Designing Sheet No. 7 which are reproduced from Volume I 
for convenience. The determination of k must be by trial. 

The method of finding the exact compressive stress at any 
section when tension exists over part of section (Case II) will be 
explained by giving the computations for finding the stress at 
section 1. Since k = 0.620 for one-tenth embedment of the 
rods, a good value to use for a trial would be 0.600. Substituting 
in the formula for k , this value, however, does not satisfy the 
equation. A value of k — 0.596 is then readily determined. 
Substituting in the formula for L gives a value for this term of 
0.1066, Then 
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The steel stresses are evidently very small ami need be computed 
in but few cases. The concrete stress at sections :i. 7, ami S will 
evidently be lower than that in adjoining sect ions having approxi¬ 
mately the same value of t. The arch assumed we will consider 
as satisfactory. 

When the stresses in an arch are found to tie altogether to,, 
small or too large, the dimensions or even the shape of the arch 
ring should be changed and the computations repeated. Small 
changes, however, may be made without refiguring the whole 
arch. For example, the thickness of the arch ring may be de¬ 
creased throughout by changing the moment of inertia of all 

. & 

sections in the same ratio—that is, by keeping / constant. This 

may be done since the dead-and live-load stresses will remain 
sensibly unchanged, and the temperature and rib-shortening 
stresses will be but slightly modified. The point in the arch 
where the unit stress is the greatest should he selected, and the 
depth t determined by trial which will give the required allowable 
stress. Of course, this depth should be determined by con¬ 
sidering M, N, and x 0 the same as for the unchanged section. 
The depth at every other section, then, must Im* changed by such 
an amount that the percentage change in the moment of inertia 
will be a constant throughout the arch. 

If desired, the modified arch ring may be again tested for 
maximum stresses. This may lie accomplished b\ finding the 
new moments due to temperature and rib shortening and com¬ 
bining these with the moments due to loading which can he 
considered to remain unchanged. The values of the moments 
and thrusts for temperature change will be im-i.-ao-d or de¬ 
creased in the same ratio as the value of /. The values of tIn* 
moments and thrusts for rib shortening will im-n-a <■ or de¬ 
crease inversely as/, but obviously not in the am. rati.., and 
will need to be determined in the same manner a m th.- previous 
computations. 


31. Design of Abutments.— The shape of abutment must be 
such that the load on the foundation will not exceed tin- allowable 
and will be well distributed. The shape that «dl be a umed is 
shown on Designing Sheet, No. 8. the top of th- abutment being 
drawn somewhat above a tangent to the ext rad. c at the T.-u back. 
In general, the so-called lines of pressure through the abutment, 

finrvnm hm ii. /• n . ... 


EAKTJti-FILLED ARCH BRIDGE 


55 


1. Dead load and live load on the half span opposite to the 
abutment. 

2. Dead load and live load on the half span adjacent to the 
abutment, with live load on the abutment. 

3. Dead load and live load over the whole span, with live load 
on the abutment. 

4. In some cases, depending upon the method of procedure 
adopted in arch construction, an analysis should also be made 
for dead load only of the arch ring, without earth fill either above 
or back of the abutment. 

The lines of pressure for all cases should be as near to the center 
of the base as possible in order to obtain a nearly uniform distribu¬ 
tion of load over the entire foundation. The analysis and design 
of the abutment is given on Designing Sheet No. 8, with the 
exception that for clearness the combination of forces for condi¬ 
tion (4) is not shown. 

The forces that may act on the foundation consist of (1) the 
reaction of the arch; (2) the weight of the abutment; (3) the 
weight of the earth, ballast, and live load directly above the 
abutment; and (4) the lateral earth pressure. To find the 
maximum lateral earth pressure, the live-load surcharge should 
be determined, also the surcharge due to ballast, ties, and rails. 
The height of the live-load surcharge may be found by dividing 
the live load per square foot by the weight of a cubic foot of 
earth. The surcharge due to ballast, ties, and rails may be 
found in a similar manner. The horizontal pressure on AC ' 
when the live load is acting is thus equal to the difference be¬ 
tween the pressures on AG and C'G , and may be determined by the 
method explained in Art. 3 of Volume II. If we assume an 
equivalent fluid weight of 25 lb. per cubic foot, then this hori¬ 
zontal pressure 

p = |(25)f19.23 2 - 12J33 2 ) = 2720 lb. 
and acts at a distance of 

0.90 2 + (3)(6.90)(12.33) f 

3(6.90 + 2 X 12.33) 

above the base. Without the live load, P = 2470 lb. and acts at 
practically the same distance above the base as when the live 
load is included. In this design a lateral pressure of 2700 lb. 
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The weight of the prism of earth whose eross-seeiion is 

and thickness 1 ft. is 

ims x , T .. 

u 

The weight of the prism represented by IlKU 17,500 ~ 
(9.50) (1.67) (120) = 15,600 lb. The renter of gravity of these 
p risms may be found by the method outlined in Art. 25. The 
forces representing the weights of the prisms .net praetieallv in 
the same vertical line, and for simplicity we shall use a force of 
17,500 lb. for both cases acting 4.45 ft. from the inner edge of 
abutment. 

The weight of the masonry is readily found by dividing the 
outline of the abutment into a number of triangles ami [(hieing 
the weight represented by a given triangle at its ,-enter of 
gravity. (The center of gravity of a triangle is ;t t 
section of the medians.) The resultant of all the vertical forces 
acting (including the weight of the prism of earth > mav then !m 
determined by the principle of moments which is explained 
fully in Art. 2 of Volume II. The resultant is f,„md to have a 
magnitude of 25,000 lb. and acts I.'l! ft. from the hack edge of 
the abutment. 

Designing Sheet No. 8 shows the method of c,,mhmmg forces 
to find the thrusts on the foundation for the three r,.millions „f 

loading. The maximum and minimum pr..no- fur any loading 

may be obtained by using the formulas of An u. \ „|,ime II. 
The true maximum equals 


= A , 6 X 0.05, 
7:50T + .7.50 ) 


HI. IfKt lh. p.-r ipi:io f,i,,t 


The method of design described above „„ „ 1(l 

safe side. The student shouhl note that in u , w i„,,s 

20 O 0 m ib h n arCh I 1 '" the In, load of 

200 lb. per square foot extends over the |(> „ Wlli|il Ilf 

2J. , a * th(6 cr( wn, spreading out at o,i„, „ , h , ( 



abutment is approached. Some allowance for this condition of 
loading is sometimes made in the abutment design, but since 
the elastic theory fails if the foundation is not unyielding, the 
added factor of safety is not usually considered. 

Many engineers believe (the writer included) that in many, if 
not the majority of cases, the dead and live load per linear foot 
of arch on a strip 1 ft. wide may be determined for purposes 
of analysis as equal to the total dead load plus total live load 
divided by the total width of arch. This loading is adopted on 
the assumption that a 1-ft. strip will not fail separately but 
will be assisted by the adjoining strips so as to produce average 
conditions. 

32. Design of Spandrel Walls. —The details of the spandrel 
walls are shown on Plate I which also gives the complete design 
of bridge. Since cantilever retaining walls would bring inde¬ 
terminate stresses in the arch near the edges of the ring, which 
would not be at all desirable in such a thin arch, the curtain- 
wall type of construction with cross walls was adopted. The 
method of design is the same as for counterforted retaining walls 
which is explained in Art. 12 of Volume II. 

Expansion joints in the spandrel walls are made at the springing 
lines (in larger arches additional joints should be made through¬ 
out the span) and may be made mere planes of weakness or as 
actual joints filled with one or more layers of felt or some other 
partially elastic material. Such expansion joints are desirable 
to prevent unsightly cracks due to rise and fall of the arch caused 
by temperature changes. If the arch centers are not struck 
until after the spandrel walls are constructed, then expansion 
joints are also necessary to prevent cracking due to settlement 
of the crown of the arch when the centers are lowered. 

Since an arch bridge with a level coping will always appear 
to sag in the middle, a camber of 4 in. is provided. This slight 
camber, of course, was not considered in the previous loading 
calculations. 

A batter is given to the back of the cantilever retaining 
walls resting on the abutments so as to give a low compressive 
stress per square inch on the abutment concrete, this concrete 
being only a 1:3:6 mixture. The back of the arch and the 
lower parts of the spandrel and cross walls should be water¬ 
proofed in order to prevent seepage of water through the arch 
rintr and to facilitate drainage. 
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Designing Sheet 2. 


Division of Arch 

Measured length erf arch axis - 26.82 
Pods-2 ,; ° l2"ctoc. 

5tee! area -0.44x2° 0.88 sq. in 


Ring for Constant | 

p °° 7§§T~ aooe, 4™’) f 

a s * ML = 0 .00611 sq. ft t. 

7 s 

= a 092 i. 


IP 




• cv> 
*6 


Distance 
along 
the axis 
from skevrbk 

+ 

(■ft) 

i*t? 

C IS 

f 

2 


ISa/Ld'f 
-IS I s 

DI C *ISI S 

Division 

lengths of 
divisions to 
make £ constant 
(by diagram) 

3.00 

L23 

.155 

.615 

.448 

.019 

. 174 

/ 

8.00 

4. SO 

1.07 

.102 

.535 

.368 

.0/2 

. U4 

2 

3.23 

6.00 

.92 

.065 

.460 

.293 

.008 

. 073 

3 

2.91 

7. SO 

.86 

.053 

.430 

.263 

.006 

.059 

4 

i 2.74 

9.00 

.83 

.048 

.4/5 

.248 

.006 

.054 

s 

2.60 

10. SO 

.82 

.046 

.410 

.243 

.005 

.05/ 

6 

2.52 

12.00 

.80 

.043 

.400 

.233' 

.005 

. 048 

7 \ 

2.44 

15.00 

.78 

.040 

.390 

.223 

.005 

.045 

8 

2.38 

18.00 

.77 

. 038 

.385 

.218 

.004 

. 042 



21.00 

.76 

.037 

.380 

.213 

.004 

. 04/ 

1 s 0.016 

24.00 

.75 

.035 

.375 

.208 

.004 

. 039 

$ 

(from diagram) 

26.82 

.IS 

.035 

.375 

.208 

.004 

. 039 
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■ Loading'. 


~*PW r - &y)‘J ' 


Z(m L -m,)x 

l£x‘ 


M* Me* H c y + )£x - rri[_ 
M^Mc+Hcy- Y c x-m f 


xss^satszxdSaF' ~ s 


Temperature: 


f, I 

H c . -. 




%±y 

% 

M-Mc + H c y 


’ % should be 
inserted as t 
tor a rtse; 
"fora drop. 


' (HJ 

*>r a drop, Signs ^Jn^H^TTmu^W^naafTtl ^^’ pfnrf, " Vi ”"'<*(-) 
formubtSJ. Sign prscrtiL L in finnubm ***** UPOn mulT « 

nus for ^l^1mpe^rp^thr^t a Ll U lmT^l U T^ nS ^° fibrmul ’( ,0 > 
a ri». A ^ rtcrcn axis. * <Moppo„tr »gn fnm ifxm Ar 

Rib s hor+enj n g : 

H r _ L - C a'* n h 


ZL n h*y*-(Zy)*] 


v, M-Mc+HcY 

Woes of moments and thrush *, f , 04} 

temperature fan J shortenirtq are of cam* 

/A span of arctr axis, J ^ $, $ n m ^ 
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Cantilever Moments 


(’Algebraic Method) ^ es ’^ n ?. 7 * 1 . 
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Dead Load 1 

Dead Load plus 

bve Load 
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Z.4I 

1.22 
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480 
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1.38 
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Can+i Sever Moments 

{Graphical Method) Designing Sheet 5(A) 
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MOMENTS AND THRUSTS Designing Sheet 6 












































EARTH-FILLED ARCH BRIDGE 


Maximum Stresses 


Designing Sheet 7* 


Point 

t 

P« 

Combination of Moments and Thrusts 
and Resulting Stresses 


M 

N 

*0 

t 

fe 


Crown 

0.1S 

.00815 

*4 2130 

250/0 

,//5 if) 

m 335 


Springing 

1.75 

.0035 

+20800 

M +14700 

298/0 

35310 

.40/ (r) 

4 .238 (r) 

472 

2*Ui 

6100 

z xact540L- 

2800 

/ 

1.12 

.0054 

- 10400 

27050 

.343 (f) 

5/6 

Z 

0.81 

.0075 

-3700 

27700 

.165 if) 

*408 


3 

0.80 

.0076 

+ 2700 

24460 

.138 (r) 



4 

0.79 

.0077 

+4100 

22150 

.235 (f) 


tacEszzL 

5 

0.77 

.0079 

+ 5200 
-3200 

2/640 

23430 

.312 (f) 
.177 (r) 

508 

371 


6 

0.76 

.0080 

-4400 

23230 

.249 (r) 

458 


7 

0.75 

.0081 

-4200 

23090 

.243 (r) 



6 

0.75 

.00815 

-3300 
*+2100 

22990 

25010 

.192 (r) 
JJZ (i) 
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Tension 
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CHAPTER Y 


USE OF INFLUENCE LINES IN ARCH ANALYSIS 

33. Advantage of Using Influence Lines.—It is common prac¬ 
tice in arch design to consider the live load as extending over 
certain definite portions of the span and to assume that these 
loadings produce the maximum effects. For example, in the 
design of the arch in the preceding chapter it was assumed that 
by loading either the whole span or the half span the greatest 
possible stresses at any given section were obtained. In general 
this assumption is only a very rough approximation, and con¬ 
siderable inaccuracy may result from such a method of pro¬ 
cedure. In fact, in the case of large and important structures, 
the only satisfactory way to analyze for maximum stresses is 
by what might be called a unit-load or influence-line method. 
By this method the arch is first analyzed for a load of unity at 
the several load points and then influence lines 1 are drawn for 
either moment and thrust or for fiber stress. 

The position of the live load on an arch to cause maximum 
stress at any given section cannot be determined in advance in 
the common method of analysis. An investigation will show 
that different loadings are required for sections similarly 
located in arches of different proportions. The only accurate 
method, then, is to draw a proper number of influence lines as 
above described. In arches continuously loaded no definite 
load points exist at which to place the load of unity in influence¬ 
line analysis, but in arches of this class points may be chosen for 
this purpose sufficiently close together to give any desired degree 
of accuracy. 

34. Analysis of an Arch Ring in Open-spandrel Construction.— 

The use of influence lines will be illustrated by giving prac¬ 
tically complete computations for the design of an arch ring in 
open-spandrel construction supporting a series of transverse 
walls. The only computations omitted will be those for divid- 

ing the half arch into ten divisions having constant j. The 

1 Tn mm “ f PJn> TAh’-nt /•>»/« nf Fltvii.t'hirr.n ” V»v flirt Sft.rrwi n.nf.h r*r_ 


arch to be analyzed is shown in Fig. 20. Loads apply to a longi¬ 
tudinal strip of arch ring 12 in. in width. The notation that 
will be used is given in Art. 13. 

Designing Sheet No. 9 gives the computations needl'd m deter¬ 
mining the moments and thrusts at the crown for a load of unity 
placed successively at the load points h, Li, L t , and L*. I n a sym¬ 
metrical arch such as the one under analysis, load points need 
be taken only to one side of the center of span. The quantity 
m (cantilever moment) at a given section for a load of unity at 
a given load point is equal to the value of x for the section in 
question minus the value of x for the given load point. For 
example, the value of m for section 1 with a unit load at L x 



equals 31.70 — 30.62 = 1.08 ft.-lb. Also the value of m for 
section 1 with a unit load at L 4 equals 31.70 — 4.87 -- 27.33 ft.- 
lb. The values of the moments and thrusts at the crown were 
determined by the formulas given on Designing Sheet No. 3. 

Designing Sheets.Nos. 10 and 10A give the computations and 
graphical work required in determining the moments and 
thrusts at the various sections due to the above loadings. The 
moments and thrusts could all be determined algebraically, but. 
the graphical method is much the simpler. The met hod of 
procedure in constructing Designing Sheet No. 10.1 will be ex¬ 
plained by considering a unit load at L 4 . 

The values of H c , V c , and x 0 (at crown) for this loading are 
known, having been computed on Designing Sheet No. <0. These 
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values determine the magnitude, direction, and point of appli¬ 
cation of the reaction at the crown. The point of application, 
designated as a on Designing Sheet No. 10A, is 1.06 ft. from 
the arch axis and should be laid off above the same, since the 
sign is plus. The value of V c is positive and indicates that the 
line of pressure slopes upward toward the left. The force poly¬ 
gon for the unit load at L 4 is designated as AOC . The side OA 
is determined by laying off AB on the vertical side AC equal to 
Vc, and making the horizontal distance BO equal to H c . With 
AC as one side of the force polygon made equal to the load of 
unity, and with OA equal to the reaction on the right of the 
arch, the reaction to the left of the point Z/ 4 must equal OC, or 
the closing side of the polygon. In order for the forces acting 
on the arch to be in equilibrium, the forces must act in order 
around the triangle. This fact shows that OC acts upward 
toward the right, as was to be expected. 

The equilibrium polygon may thus be determined by drawing a 
line through the point a parallel to OA, and then drawing a line 
on the left portion of the arch parallel to 00, both lines inter¬ 
secting in the load vertical at b. The bending moment at any 
section, due to the unit load at L 4 , is therefore equal to the vertical 
ordinate measured from the arch axis to the equilibrium polygon, 
multiplied by the force H c . If the vertical ordinates be desig¬ 
nated in general as v dj then, at any section, M = H 0 v &. The 
thrusts and shears at any section may be found by resolving the 
proper reaction into components perpendicular and parallel 
respectively to the section in question. The values of the mo¬ 
ments and thrusts are given in the proper columns on Designing 
Sheet No. 10 Moments and thrusts for other loadings may be 
determined in a similar manner. 

Influence lines could now be drawn for moment and thrust, but 
maximum fiber stress does not occur in general for either maxi¬ 
mum moment or maximum thrust. Obviously, the true maxi¬ 
mum stress occurs for the loading that makes the algebraic sum 
of the stresses due to moment and thrust a maximum. Influence 
lines, therefore, should often be drawn directly for outer fiber 
stress, as such procedure eliminates any necessity for trial 
loadings. 

Before influence lines are plotted, there is no way of telling, 
for a given maximum condition of loading, whether the stress 

o o frnmn nxnll foil nn/lnr> T Onn« TT 



(see Arts. 75 and 76, Volume I)—that is, whether compression 
will be produced over the entire section or whether a tension 
will exist over part of the section greater than the allowable 
tensile strength of the concrete. If the latter condition ((’use 
II) should result, an influence line for fiber stress cannot be 
employed to determine the corresponding maximum stress, due 
to the fact that it is impossible, when computing values of the 
fiber stress for a load of unity at separate load points, to take 
properly into consideration the exact amount of tensile stress in 
the concrete that would be neglected if the analysis should be 
made for the maximum loading using total moment and total 
thrust. This is not serious, however, since no matter whether 
maximum stress is desired at an upper or lower fiber, the loading 
that will produce a maximum value, assuming a Case I distribu- 



Diagram 1. 



Diagram 2. 


tion of stress, will always be the same loading that, will cause 
maximum stress for Case II distribution. Consequently, t he in¬ 
fluence lines should all be drawn assuming Case I distribution, 
and, if tension is found greater than the allowable tensile st rcngtli 
of the concrete, the Case II conditions should be separately con¬ 
sidered by drawing influence lines for moment and thrust and 
finding the values of the moments and thrusts that correspond 
to the Case I loadings for maximum stress. 

. ?, f *° tension g reat er than the tensile strength of the concrete 

qV c ^ t0 J eSUlt at any section of the arch, then Designing 
bheet No 10 may be omitted. The values of and N may be 
scaled and used directly in Designing Sheets Nos. 11 and IL-1. 
In fact, even with considerable tension at some sections, not all 

lulTTf f” N J °' 10 WiI1 be and only 11,■ vnlum 

be determined as are later found 



signing sheet is given in full here, however, for convenience and 
for instructive purposes.) 

The following formulas refer to Case I: 



NK 

bt 

NK' 

bt 


in which, for reinforcement symmetrical about the center of 
section, 

(K) __ l~ 1 (+) 6 x 0 t ~j 

( K ') Ll + np 0 (—) t 2 + 12np 0 r 2 J 

For an embedment of rods equal to one-tenth the depth, and 
n = 15, 

(K) = r 1 (+) Xo 6 1 

(. K ') Ll + 1 5p 0 (-) t ' 1 + 28.8p 0 J 

Diagrams 1 and 2 give values of K and K' for various values of 
Xq 

Po and ~, and for one-tenth embedment. These diagrams as 



presented here are too small for actual use, but illustrate the 
construction of diagrams which should be drawn to a large scale 
in practice for at least three depths of embedment—that is, for 
d' equal to0.05£, 0.10£,and0.15Z. The size of the diagrams should 
be approximately 30 in. square to obtain a reasonable degree of 

x 

accuracy. The few values above - = 5.0 may easily be com¬ 

puted directly from the formulas. 


minimum fiber stress (Uase i) remain cousuim any g 
section, influence lines drawn for the Quantities A hi and , 
will serve as influence lines for fiber stress. (Set* Art. 44 
another method of determining fiber stresses.) The value 
K and K' on Designing Sheets Nos. 11 and l\A have been 
termined directly from the diagrams, making the assumption 
simplicity, that d! — 0.101 at all sections. I he influence 3 
resulting from multiplying these values by the thrusts are sh 
on Designing Sheet No. 12, making no attempt to obtain sm< 
curves. The full lines are for upper fiber stress and the dot-! 
dash lines for lower fiber stress. Ordinates above the base 
indicate compression for both upper and lower fibers. 

The maximum fiber stresses (assuming Case 1 to apply w 
sections) are given on Designing Sheet No. 13, considering 
weight of the arch ring as applied at the centers of the suppoi 
piers (Fig. 21). The computations are given on this sheet for 
maximum stresses at the crown and springing. Notice t 
tension exists at the springing for loading No. 1—that is, 
loading for maximum compression in upper fiber—and influt 
lines for moment and thrust should be drawn if the st resses 
to loading only are to be determined. 

The student should note that where all the loads on an arch 
at load points, the actual influence lines need not be dra 
In such a case a table as on Designing Sheet No. 14 may be < 
venient, the values being taken directly from Designing Sir 
Nos. 11 and 1L4. 

The stresses given on Designing Sheet No. 13 are for loa< 
only, assuming Case I. When stresses are required inelm 
temperature and rib shortening, these stresses due to Ioa< 
should be combined with those for temperature and rib shorten 
and the resulting stresses computed. When tension exists at 
section, due to Case I loading combined with temperature ; 
rib shortening, then influence lines for moment and thrust she 
be drawn, whether or not such lines arc required for loading al< 

Designing Sheet No. 15 gives the total maximum stresses 
the four conditions of loading shown, assuming ('.use I to appb 
all sections. The last column gives the sections and loadi 
that need to be considered for a Case II distribution of str 
Although the depth of section gradually decreases toward 
crown, it is obvious that, for Case II conditions, the stresses 


Determination of Moments and Thrusts at Crown Designing Sheet 9- 

(Unit Load at Definite Points) 
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Data for Influence Lines Designing Sheet I1A* 
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Maximum Stresses Due to Loading Assuming Case I to Apply at All Sections. 
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No. 1 Loading 


Designing Sheet it 



the sections shown on Designing Sheet No. 10 will control. In 
fact, section 5 might well be omitted, but is given hero with the 
others to show the influence of the depth of section upon the 
resulting fiber stresses. Notice that although the maximum 
stress at the springing, given for loading (b) on Designing Sheet. 
No. 15, is very much less than at section 9 for loading (o), the 
effect of neglecting the tension is much greater for the deeper 
section, and the actual springing stress is not far from the maxi¬ 
mum for the entire arch. 

The formulas for fiber stress for Case II are as follows: 

/ = ^ 

Jc Lit 2 

= ni < {ft ~ 0 

The value of L may be determined by means of Diagrams d In 
6 inclusive. These diagrams are similar to Diagrams I I and In 













Total Maximum Presses -for Case II Conditions_ Dwkjnlng Sheet 16* 
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TbtaS Maxi 
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turn 
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Loading 
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Temperature and 
Rib Shortening 

Rise of 
■femperature and 

Totals 

No.l Loading 
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N 
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Spy. 

• 3.00 

.0046 

(b) 

+81,600 
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+ 150 
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wjfo 
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.0094 
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+21,600 
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339 
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.129 
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3.100 
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1.33 

.0104 

(a) 

f 15,700 

51,070 



+5.900 

- 2,050 



+21, $00 

4 % 020 

33/ 

$98 

129 

656 

2,900 


of Volume I, but are plotted in such a manner as to give greater 
accuracy. 

Designing Sheet No. 17 gives the influence lines for moment 
and thrust for all sections. Although these lines are not actually 
needed in the problem under consideration, they are presented 
for instructive purposes. In order to show smooth curves, addi¬ 
tional load points have been taken intermediate between the 
first set, and values of moment and thrust have been computed 
and plotted at these points. 

If the dead weight of the arch ring had been considered as 
concentrated at seventeen load points (Fig. 21 A) instead of 
eight as in the preceding analysis, a maximum fiber stress at 
section 9 of 640 lb. per square inch would have been the result. 
This gives some idea of the increased accuracy that may be ob¬ 
tained by doubling the number of load points. A groat or number 
of such points, however, than just sufficient to determine ac¬ 
curately smooth curves for the influence linos art* entirely un¬ 
necessary. This is due to the fact that, with influence lines 
properly drawn, loads may be placed at any point and the 
values scaled with a reasonable degree of accuracy. Thus for 
continuous loadings, such as occur in earth-filled arches, four to 
eight load points on each half of the arch may be sufficient to 
determine properly the curves of the influence lines, but, the 
continuous loading should be broken up into a greater number of 
loads than represented by the number of load points in order to 
obtain accurate values of the maximum fiber stresses at. the 
various sections: 


A general discussion in regard to the use of influence lines 
for moment and thrust may serve to make this part, of the 
subject more clear. Consider influence lines as shown in Fig. 22 
and assume uniform live loading. A load placed anywhere on 
the structure is seen to cause a positive thrust at the given sec¬ 
tion. For this reason it might seem on first thought that 


Influence Lines foW Moment and Thrust 


Designing Sheet 17 









maximum compression on the upper fiber will be obtained if th P 
live load extends from C to I<\ Loads to the left of (' and <„ t f,' 
right of F, however, will also be found to give compression in 
the upper fiber, although the resultant moment for such loads is 
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stress. With load points widely separated, as in the preceding 
analysis, it is not often that load points enter the spaces corre¬ 
sponding to BD and EG, but this sometimes occurs, as at sec¬ 
tions 1, 2, 5, 8, and 9 on Designing Sheets Nos. 11 and 11A. 
For the section represented in Fig. 22, maximum tensile stress in 
the lower steel would occur for the live load extending from D 
to E, and for the upper steel from A to B and G to J E. This is 
obvious when it is considered that a load anywhere between A 
and D and between E and H will cause compression in the lower 
steel, while a load anywhere between D and E will cause com¬ 
pression in the upper steel. 

Referring to Designing Sheet No. 16, it should now be clear 
that the steel stresses there given are not necessarily the maxi¬ 
mum stresses. For example, a greater steel stress than 2900 lb. 
per square inch may be obtained at section 9 if only the dead load 
is placed at point L 4 on the right half of the arch. Removing the 
live load at this point causes a stress of 640 lb. per square inch 
in the concrete and a tensile stress of 3300 lb. in the steel. Thus 
adding the live load is seen to cause a greater stress in the 
concrete at the upper fiber, but decreases the tensile stress in 
the lower steel. In some analyses, where the steel stress has 
its greatest value under such conditions, it may be necessary to 
consider the exact loading which will give the maximum stress. 

Maximum and minimum pressures on abutment foundations 
are not necessarily obtained for any of the positions of the 
live load which give maximum stresses at the various sections 
in the arch. For abutment design, consideration of live load 
over the half span and the whole span will usually suffice. 


CHAPTER VI 
UNSYMMETRICAL ARCHES 

Unsymmetrical arches are sometimes desirable in the end 
spans of a series of two or more arches in order to reduce material 
in abutments and, at the same time, to provide ample waterway 
area over streams. Also, arches of this type are often necessary 
under other conditions, as, for example, when a river in a deep 
ravine is bordered by a railway requiring maximum clearance 
near the abutments. 

35. Method of Analysis. —In the analysis of unsymmetrical 
arches, the entire arch ring should be divided into a sufficient 

number of j divisions to obtain the desired degree of accuracy. 

The origin of coordinates may then be taken at the center of any 




one of the sections occurring between the divisional lengt hs, but, 
for convenience in scaling the values of x and //, this origin 
should be placed at one of the sections near the crown which we 
shall call the crown section. The X and Y axes should be* drawn 
perpendicular and parallel respectively to tins section so as to 
permit the crown thrust to be determined directly without com¬ 
position and resolution of forces. Fig. 23 shows how these axes 
should be drawn. 

The flexure formulas for H c , V c , and M c for unsymmef rical 
arches, considering the origin of coordinates near the crown, are 
exceedingly complex and inconvenient for use in practice. The 
best plan is to use formulas similar to those designated as (/■), 
(j), and ( g ), Art. 14, and to solve simultaneously for the above; 

86 



values after the numerical values of the coefficients are sub¬ 
stituted. Following are the formulas to be solved in this way 
(see also Designing Sheet No. 18): 

H c Ey 2 + V c (Ex L y L - Ex R y R ) + M c Ey - Emy = 0 
H c (Ex L y L - Ex R y R ) + V c Ex 2 + M e (Ex L - Xx R ) 

— Xm L x L + Xm R x R = 0 
H c Ey + V c (Xx L — Xx R ) + nM c — Em = 0 

The subscripts L and R in these formulas refer to summations to 
the left and right of the crown section respectively. No sub¬ 
script indicates that the summation is to be taken for the entire 
arch. 


Crown section 



The three corresponding equations for temperature are as 
follows: 

HcZy 2 + V c {~Zx L y L - ~Zx R y R ) + M c .2y - ~ ■ t 0 t D lE c = 0 

o 

H e (2x L y L ~ Ex R y R ) + V c Ex 2 + M c (Ex L - Ex R ) = 0 
H c Ey + V c (Ex l - Ex r ) + nM c = 0 

The value of t D should be inserted as plus (+) for a rise of 
temperature; minus ( —) for a drop. 

Rib shortening causes the same effect as a lowering of the 
temperature. By referring to Art. 14, it should be clear that the 
following formula may be employed to solve for the equivalent 
temperature drop: 

Cal _ , , 7 , C a 

E c ~ UdL ’ or l ° ~ E c t 0 






The writer believes that tor unsymradr.e, 1 nl.es I » 
venient to assume the origin of coordinates at I be eenter „l t a, 
lion through the springing. Tm. 24 shows bow tt.e e W r.h- 



nates x and y should be measured. The directions of 11 u V h and 
Mi are shown for values considered as positive in the formulas 
given on Designing Sheet No. 19. Special note should he made of 





H c = - 6050 lb. 


■JOCOlb 


1 V - 7*7 Jb 

H c - -CM it' 


Fks. 27 


the fact that values of y measured below flu* axis X X should 
always be considered as negative. 

36. Examples of Computations in Unsymmetrical Arch 
Analysis. In order to show the method of analyzing unsvni- 





metrical arches, the computations are given on Designing Sheet 
No. 20 for finding the thrust, shear, and moment at the crown 
section of the arch shown in Fig. 25 due to a unit load at L 4 . 
(This unsymmetrical arch was obtained by simply shortening the 
arch of Fig. 20.) Similar computations are given on Designing 
Sheet No. 21 for finding H h V 1; and Mi at the springing due to 
the same loading. Fig. 26 shows the agreement between the 
two methods, the equilibrium polygon being drawn for the unit 
load at 

Designing Sheets Nos. 20 A and 2 L 4 show the temperature 
computations by the two methods for the arch in question, 
assuming a drop of temperature of 40°F. The equilibrium 
polygon for temperature is a straight line, and Fig. 27 shows the 
method of determining this line by the two methods. 
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Designing Sheet 18 . 


Formulas Required jor Unsymmetrical Arche© 

Origin of Coordinates near Crown 

Uodmg-- HcX/^VcfXx^-Zx^,)* Mcly-Zmy- 0 

Hc(Zx L y L ~Z**y*)* K Zx *+ ^( z *i~ Zx x)~ lm u*i * Xrr) t x x*° 

H c Zy-f Y c (zx L -Zx,)+ nM c - Zm- 0 

M L *Mc + Hcyi.* Yc*l -Ml 
Mr*Mc+Hc yn “ Yc*R~ rT1 R 

All values of m D m Rj XL , x R) y L , and y R should bo substituted as positive. 
The subscripts L and R refer to summations to left and right of the crown 
section respectively. No subscript indicates that summation is for entire 
arch. Positive value of M c indicates that the thrust H, nets above the arch 
axis. Considering the crown section as vertical, a positive value of \\ indi¬ 
cates that the line of pressure slopes upward towards the left; a negative 
value, downward towards the left. Signs preceding terms M f , V t xr t and 
V c x R in the last two formulas depend upon the signs of M c and V e resulting 
from the three simultaneous equations. 

Temperature. 

He Zy l + Vc(zx L y L -Zx,y„)*MeZy - /■« £ « 0 

H e(Zx L y L -Zx f y R )t Y c Zx*+ M c (Zx L -Zx„) . o 
MeZy+ Y c (Zx L -Zx fi )+ nMc. 9 0 


M c +H c y L + Y c x l 
M R *M c +H c yR- Y c X/f 

The value of t D should be inserted as plus ( f ) for a rise of temperature; 
minus (“) for a drop. Signs preceding terms »)/,, // f y ; , \ . and 

V c x R in the last two formulas depend upon the signs of \f e , //*, and V r re- 
suiting from the three simultaneous equations. / snan of arch axis 

measured parallel to X axis. 1 


Rib Shortening i 


Rib shortening causes the same effect us n lowering ..f the 
solving for t D gives equivalent temperature ,irop. 


tempera! ure 



Designing Sheet 19: 


Loading: 


Formulas Required for Unsymmetrical Arches 
Origin of Coordinates at Left Springing 

HjZy z ~ Vjlxy- MjZy¥ Zmy » 0 
H,Zxy~ Zmx » 0 

H,ty -Y { Xx - nM t + Zm = 0 


V s d-Hff 

n ‘ TqFc? Y i - a~ 

in which 
a" ZxZy-nZxj 
- 6 ® ZmxZy- ZxZmy 
c» Zx 2 Zy - Zx Zxy 

Then M*Mj+V/X-fijy-m 


Mtm. VjZx+Tm 

/ * j=f — 


d»XmZy- nZmy 
e s ZxZy 2 -ZxyZy 
+ *nZy 2 -(Zy) z 


All values of m and x should he substituted as positive. Values of y 
below the x — x axis should be taken as negative. The summations refer 
to entire areli. Positive value of M { indicates that the reaction acts to the 
left of the arch axis at. the springing. Positive values of IIi and V\ indicate 
that the reaction acts upward to the right. Signs preceding terms Mi, 
V\Xi and IIm in the last formula depend upon the signs of M i, Vi, and Hi 
resulting from the** preceding equations. 


Temperature* 


H/Ixy- Y/Zx 1 -M/Ix » 0 
H,ly - VjTx-nMj « 0 

or 

u. 9** ' S c //r 1 V, a JT-BT-zM. 

ri i are - cf 17 1 C 

in which 
Then 

M«M,+ Y t x-H,y 


M,* 


H,Zy-V,Zx 
- J - aL r r L — 


The valuta of ( J> should 1 m* inserted as plus (+) for a rise of temperature; 
minus ( ) for a drop. Signs preceding terms M i, lb, and II\ in the last 

formula depend upon tin* signs of M u Pi, and II i resulting from the pre- 
coding (‘({nations. I span of arch axis measured horizontally; that is, par¬ 
allel to .V axis. 


Rib Shortening * 

*:>* r c \ 

Hib shortening can <•; the same effect as a lowering of the temperature. 
Solving for / /; gives equivalent temperature drop. 






UN SYMMETRICAL ARCHES 


Determination of Moment and Throst at Crown Section- UnsymmeHcal 4 reh 
( Temperature Fall of 40°F. ) 

Designing Sheet 20A- 

HcZyl+ V ^ Zx lVl ~Zx s y„) + M c 2y - I_. t^E^o 

H c(zx L y L -Xx,y„) + i r e zx*t M c (zx L - z x „) -o 
H c Xyt V c (zx L - Xx R ) + nM c » 0 

180.86 H c +431.73 V c + 33.0/ M c + (mX. 000006)(40)(SZ9S)( 8.000.000)(,44) = n 
431.73 H c +89S0.6 V c + 43.60 M c * 0 ( b , J 

33.0/ H c + 43.60 Y c + /7 M c - 0 ( C) 

Multiplying (a) by 17 and(c) by 33.0/ 

3066.12 H c + 7339.41 V c + (33.01)(17) M c +7,777,296 * Q 
1069.66 H c +1439.24 Y c + (33.01)1/7) M c * 0 
1976.46 H c +5900.17 Y c + 7,777,296~^T~ 

Multiplying (b) by 17 and (c) by 43.60 

7339.41 H c + 50,160.2 V c +(4160)(/7) M c - £? 

1439.24 H c + 1900.9 6 V c +(43 60)(/7) M c « <? 

5900.17 H c + 48,159.24 Y c 'l 0 . ' 

Multiplying (cf) by 48,259.24 and (e) by 5900.17 

95,362,457.49 H c + (48,259 24)(5900.17} Y c + 775,326,394,215 - (? 

34,812, 006. 03 li c + (48, 259 24)(5900.17) Y c » 0 
60,570,451 H c - - 375, 326,394,215 ™ 

H c - - 6,196 lb 
Substituting value of H c in (d) 

" t?, 2.46,146 + 5900 17 Y c + 7, 777,296 ^ 0 


(?) 


(e) 


4.468, 650 


c ‘ 590017 
Substituting values of H c and Y c in ic) 

~ 204,530 + 33,005 + 17 M c = 0 
111, 525 

n 


- 757 !b. 


Mr - 


10,090 

6196 


10, 090 ft lb 
/ 63 ft. 



Moments and Thrusts at Springing - Unsymmetrical Arch 
(Unit Load at Definite Pbints) 
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CHAPTER VII 

arches with elastic piers 

The necessity for considering relatively thin piers elastic was 
probably brought to public attention by Mr. Daniel B. Luton 
of Indianapolis, as early as the year 1904. Undoubtedly the 
idea came from his experience with the design of the arch bridge 
across the Wabash River at Peru, Ind., in which the conditions 
for a satisfactory design required the balancing of thrusts of 
unequal spans by introducing a moment in the piers. 1 Whether 
or not the idea was brought forward in this way, it is a fact that 
Mr. Luten since the Peru bridge experience has built many arch 
bridges with unusually thin piers, two of the more pronounced 



Courtesy of Mr. Daniel B. Luten , Consulting Engineer, Indianapolis. 

Fig. 28. —Venore bridge over Tellicoe River, Venore, Tcnn. 
(Twin spans of 65 ft. each.) 


structures of this class being shown in Figs. 28 and 29. Mr. A. (*. 
Janni has also made.use of the elastic-pier principle in the Kings- 
highway viaduct, recently constructed at St. Louis, in which the 
arches and piers were analyzed as a continuous elastic, body. 

Arches with elastic piers are undoubtedly somewhat more 
difficult to analyze than single arches extending only from spring¬ 
ing to springing, but this does not change the fact that a great 
number of arch bridges of multiple spans have piers which should 
be considered as elastic if a thorough analysis is to be made. In 
any given structure, good judgment should be exercised in 
determining whether or not the piers are of such slender pro- 

1 Engineering News , Mar. 29, 1906. 
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portions that the bonding duo to unequal arch thrusts should be 

considered. 

Thin piers not only save concrete in most cases but increase the 
area of waterway and, on this account, it is quite likely that elastic 
piers will be much used in the future where architectural ap¬ 
pearance' is satisfied with this type of construction. In some 
cases, however, increased thickness of arch rings in elastic-pier 
construction will offset any advantage gained from diminishing 
the cross-sectional area of the piers. 



('ourtmy fj ,\t 3 Ihmtti H. l,u\ 

Kh;. 2‘>. Paint 


( t'tibuKtmi linytntrr, Indianupolh. 

Kntnrh bridge! m*ar Washington, I). C 1 .. 


Thrnn spans of 00 it. ojieh.) 


37. Method of Analysis. Very few American engineers have 
made any attempt to analyze arches having elastic piers, due 
undoubtedly to a laek ot textbook material on the subject. Up 
to the present time, 1 the method outlined by Mr. A. C. Janni in 
the Journal of the Western Society of Engineers, May, 11)13, and 
described in the next chapter, is, as far as the writer knows, 
the only published treatment of arch analysis in this country 
giving some attention to elastic-pier construction. In the 
paper referred to, Mr. Janni presents a. graphieat treatment 1 or 
the analysis ot arehes tor any and all conditions based on the 
theory of the ellipse of elasticity. The method to be oronosed 








Fig. 30. 
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in this article, however, will not differ in principle from the 
analysis previously presented in this text for single symmetrical 
and unsymmetrical arches. 

Consider first the two-span arch structure represented m Fig. 
30 The points indicated as fixed may he the bottoms of the 
pier and abutments, or they may be at intermediate sections, 
depending upon where the designer considers the structure 
fixed. The method proposed is to take a horizontal section 
A-A where arches and pier join and study the movement at that 

section. _ 

In Art. 14 the method employed in deriving formulas for the 

thrust, shear, and moment at the crown of a symmetrical arch 
was to cut the arch at the crown and study the horizontal, 

vertical, and angular moments of 
the cantilever on the left with re¬ 
spect to similar movements of the 
cantilever on the right. From the 
formulas for deflection of curved 
beams, throe independent equa¬ 
tions were possible and expressions for the three unknowns (// c , 
V c , and Me) were then derived. 

A similar method may be followed in finding expressions for 
the forces acting at the horizontal sect ion A — A in Fig. SO. The 
thrust from the left arch and the thrust from the right arch com¬ 
bine to produce a resultant thrust on the pier. There are three 
unknowns with respect to each arch—that is, six unknowns in 
all, since there is a known relation between the thrust on the 
pier and the thrusts from the arches. Three independent 
equations may be written by placing the vertical, horizontal, and 
angular movements of the pier end of the left arch algebraically 
equal to similar movements respectively of the pier end of 
the right arch. The other three independent equations re¬ 
quired may be written by placing the vertical, horizontal, and 
angular movements of the pier end of either arch algebraically 
equal to similar movements respectively of the top of flu* pier. 
These independent equations may be simplified and changed 
somewhat by placing the vertical movement of tin* section A — A 
(due to loading) equal to zero, since this may be done wit hout any 
appreciable error. 

In Fig. 31 the top of the pier is shown in detail. The horizontal 



arches. "W hat may be called the skewbacks of the arches are 
shown. The weight, of the material between the skewbacks 
and the section A - A need be considered only in finding the 
resultant thrusts on the pier sections. The origin of coordi¬ 
nates x and y for each arch may be taken at the middle point 
C of the section A — A instead of at the center of the skew- 
backs. This should be obvious from a study of the derivation 
of the deflection formulas of Chapter II. 



The following notation will be employed: 

Let 

x'u Vl coordinates of any point, on the axis of the 
left arch referral to the center of the 
sect ion A —A as origin. Values of should 
be considered plus when measured above 
the axis /I — A, and as negative when 
measured below that axis. 

:r 7 ., y H coordinates of any point on the axis of the 
right arch referred to the center of the 
section .1 —A as origin. Values of 7 /^should 
bo considered plus when measured above 
the axis A — A f and as negative when 
measured below that axis. 
y r ■ depth of any point, on the vertical axis of the 
pier below the section A — A, 






m L , m B = moment at any point cm axis of l,.ft arch 
and right strclt respectively of all external 
loads between the point in question and the 

top of the pier. 

M l ,Mr,M p = moment at any point on axis of l,.ft arch, 
right arc’ll, and pier respectively. 

ni, n R , n P - number of j divisions in t h«* left arch, right 
arch, and pier respectively, 
c Lf Cr, Cp = values of { for left are It, right arch, unci pier 
respectively. 

H h Vi = horizontal and vertical components of the 
thrust from the left arch at the top of pj ( » r> 

Mi = moment at section A A due to thrust 
from left arch vertical component of 
thrust from left arch multiplied by the 
distance from flu* point ( (the (‘enter of 
the section) to uhere this thrust produced 
cuts the section A A . 

II 2 , \\ = horizontal and vertical components of the 
thrust from the right arch at tlic top of pier. 

A /2 = moment at section A A due to thrust 
from right arch. 

IIz = resultant shear on o-mmn A A // 3 - 

//*. 

Vz =* resultant thru*! annual mi ret ion A — 

a - r, •? v , 

M% = resultant moment »m iriiun A A » 
Mx - Mr. 

Other notation that will be used i- given m Aft, I A, {he arrows 
in Fig. 31 indicate what will be cmoidered p»< one \ allies of the 
quantities. 

Referring to (’hapter II on '* 1 Miri-timi i nn,,l Hearns, M we 
have 


a -M/,///. 


-7.il/; 

i.r L 

ii 


Clt^.V tf r u 

0 




-7.iU; 

cp'r.u 

r l 

i-W/V/ 

< >2.1/,. 


'7. - '/ /. 
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Designing Sheet 22. 

Formulas Required-Arches with Elastic Piers 
Loading: 

C L (M,Ly L - H,lyl+ Y,Zx L y L - Zm L y L ) - 
-CtfaZy, -H z Zy‘ * %Xx„y, -Zm f y f ) 

H,Zx L -N,Zx L y L + Y/Zxf - Zm L x L -0 
MiZx K -H t Zx„y f f Y,,zx* - Zm s x r - 0 

C L (n L M, -H,Zy L +V,Zx L -Xm L ) - 

~ c #( n ir M z~ typ * £ Z x r 

c^U,-M 2 )Zy p X- (H,-H t )Zy‘]- c L [M t Zy L -H,Zyl* V,Zx L y L -Zm^ 
Cp[r>p(/K,-Miji-fH,-HijZyp] - -c t ]h L M r H l Zy L * l fzx t - Zm L ] 


Bending Moment at any point: 

M l - + Y,x L -m L 

M#m m z - H z yff + £ x R - Wff 

M p -(M r Mi)x(H,-Hi)y p 

Values of y L and y# should be considered plus when 
measured above the axis A-A, and as negative when measured 
below that axis. The values of tty, V Jt and M 3 may be obtained 
from the fofhwincf rotations > 

Hj - H r H g M 3 *M,-M 2 

All mines of tut. and mu should be substituted as positive. 



The bending moment at any point may Ik* expressed an 
follows: 

M L = Mi — SUyi + V i x tj — mi 

Me = Mi — HtfjR + V^xr — Mr 

M P = Mz + Hzyp = (Mi ~~ + (Hi — H Ayp 

Substituting these expressions in the preceding equations and 
combining terms, we have the six simultaneous equations given 
on Designing Sheet No. 22. These six equations may now be 
solved simultaneously for the values of II Fi, Mi, II 2 , and 
M 2 . The values of # 3 , Vz, and M% may then be obtained from 
the following relations: 

Hz « H l - Ih 

Vz = Ti + V* 

Mz ~ My — M* 

For arch bridges symmetrical about the center line of pier, the 
labor involved in solving the simultaneous equations mentioned 
above will be greatly reduced. 

All the simultaneous equations given above pertain to the 
unknown forces acting at the section A — A. With these com¬ 
pletely determined, however, the moment and thrust at any 
section may be found in the manner described for the single 
symmetrical arch. Each of the three members, of course, must 
be considered separately and each subjected to exactly the* same 
force that is found to act upon it at the top of pier in the mono¬ 
lithic structure. 


Consider now the case of a three-span arch bridge, as repre¬ 
sented in Fig. 32. The portion of the structure shown by a solid 
line should be treated first, solving for the unknowns at section 
A. The dotted portion should next be considered, solving for 
the unknowns at section B but placing at A tin* thrust coming 
from (or acting upon) the left arch for the* given loading. The 
process may now be repeated by considering the solid portion 
again and solving for the unknowns at A, but placing at B the 
thrust coming from (or acting upon) the right arch for the given 
oading. Likewise in treating the dotted portion the second time, 
more accurate values of the unknowns at B may lx* determined 
by placing at A the second value AK+n,v,wi r. ** 
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from (or acting upon) tin* left arch. It will bo only in excep¬ 
tional cases that the unknowns at sections A and B will need to 
be solved more than once in order to obtain sufficient accuracy. 
In fact, solving for the unknowns at A twice and at B once is 
usually all that is desired. 


Fig. 33 shows how the method may be applied to four spans 
and Fig. 34 represents its use in five, or any greater number of 
spans.' It is very seldom that arch bridges of more than six or 
seven spans are constructed without an intermediate abutment 



Fig. 32. 



Fig. 34. 


pier. The. method for a large number of arches may be simplified 
by the fact that the effect of a load on any one span extends 
principally over the span itself and the two spans immediately 
adjacent. 


In a series of arches with elastic piers, there is seldom, if ever, 
any radical change in span lengths between successive arches. 
On this account the unbalanced thrust acting on any pier due to a 
maximum change in temperature will be relatively small, and 
each arch of a series when analyzed for temperature stresses 
may be considered in nearly all cases as having immovable or 



this method of analysis will give exact results since the me™ 
not acted upon by any unbalanced thrusts. " ^ are 

Rib shortening causes the same effect as a lowering of tlln 
temperature By referring to Arts. 14 and 34, it should be clear 
that the following formula may be employed to solve for th. 
equivalent temperature drop: ^ 


38. Analysis of a Two-span Arch Bridge with Pier fw,v 

SX^ d'XX™ “ D * i *“ in * No- 23 'will 'be 

s v ft in 

«.« distance from the ™ ba8e « f *> « 

of piitdX-TXX sy XtiX“ “ nto 

bo leternrined in £ 


2x = 
ly = 
Zxy = 
2x 2 = 

W = 

2y P = 
S2/p 2 = 


403.85 

100.00 

2258.74 

11,986.6 

671.65 

64.99 

867.13 


= 3,908,000 

2m L x = 128,241,600 
2m £2/ = 19,918,500 
2m R = 4,752,100 

2m i* = 156,842,600 
2m *t/ = 24,056,500 


= c* = y.4i 
Cp = 0.41 
«£ - n* = 17 

np = 7 


Deigning She«XXlnXXXX™"““ S of 


Ri = 18,400 lb. 

Vi = 13,8501b. 
M i = 9250 ft.-lb. 


#2 = 21,400 1b. 

F 2 = 17,400 lb. 

= -7500 ft.-lb. 


^ -V(CXxtrr %h r, the “ nt ° r ° f «*«<>'> 

point»_ L;, ,e,t “ ch “* throi "' h * 

13,850 - °'<57 ft. from c and the thrust from the right areh 
acts throno-h o , 7500 


through a point 75M 

both distances measured^tothe'right ““ ““ POi “‘' 
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Designing Sheet No. 23 shows the lines of pressure in the 
arches and the pier. The resultant thrust on the base of pier 
is seen to act outside the middle-third point. This should not 
be allowed in good construction and either the shape of the 
arches should be changed or a reinforced-eoneretti footing should 
be added to the pier to make a more nearly uniform distribu¬ 
tion of pressure over the pier base. If the structure should be 
analyzed assuming the arches to have fixed ends, t he resultant 
thrust would fall even farther from the middle third point, as 
shown, indicating that the elastic properties of the pier tend 
to prevent failure in so far as that is possible. It should be 
noted that if the pier should tip due to unequal intensity 
of pressure on its foundation, the thrust from the right arch 
would be somewhat reduced and the thrust from the left arch 
increased. This would cause a certain righting moment at the 
top of pier and would tend to prevent failure. Relying on 
such a possible factor of safety, however, would not be acting 
according to good practice as unknown stresses might be 
set up in the arch rings which would otherwise endanger the 
structure. Of course, it is possible to determine these stresses 
for any predetermined amount of unequal settling. 

If desired,"each arch in The above design may be considered 
as fixed for dead load only. The live-load stresses should then 
be combined with those due to dead load in order to give the 
correct maximum stresses. If the arches had been taken unequal, 
the resultant for dead load should be made to pass through the 
middle third of the pier base if the arches are to be considered 
as fixed for this loading. This may be done by overloading the 
arch having the shorter span. 


CHAPTER VIII 


ARCH ANALYSIS BY THE METHOD OF THE ELLIPSE OF 
ELASTICITY* 


The ellipHe-of-^bisticity method of arch analysis is almost 
entirely graphical and is unique in the fact that by its use in¬ 
fluence lines may be readily constructed for finding the stresses 
at any section. Even arches with elastic piers may be rigor¬ 
ously analyzed by this method without any great difficulty. The 
method is rapid and easily applied, and is likely to be in great 
favor with American engineers as soon as it becomes well known. 
A number of underlying principles must be explained before this 
method can be completely understood. 

39. Preliminary Considerations Pertaining to the Method of 
Treating the Symmetrical Arch.—Let Figs. 13 and 14 in Chapter 
II represent any given element of an arch, and let k f represent the 
angle of rotation of the face be with respect to the face ad which 
would be caused by a bending moment M. From Art. 10 we 
know that 


V 


_ Ms 
“ EJ 


( 1 ) 


Now if we consider the symmetrical arch shown in Fig. 3 5A as 
fixed at the right end and free at the left end, each element 

Ms 

will cause a rotation of the left skewback equal to j , where M 

is the moment acting upon a given clement, s its length, and I 
the moment of inertia of its average cross-section. If the ele¬ 
ment considered is abed , then s is the distance between the inter¬ 
sections of the neutral axis of the arch with the faces ad and be , 
and I is the moment of inertia of the cross-section at the center 

of gravity of the element. Since the quantity is a char¬ 
acteristic of the given element and shows the amount of its 

1 Method taken by permission from a paper presented before the Western Society of 
Engineers, January 13, 1913, by Mr. A. C. Janni, C. E. Printed in the Journal of the 
Western Society of Engineers, May, 1913. Most of the data in this chapter other than that 



ability to cause rotation if acted upon by a moment, we may 
treat this quantity as a force* acting at the* renter of gravity of 
the area abed . We shall call this quantity tin* riantiv weight of 
the element. 

Suppose the bending moment acting on the clement abed is due 
to a force P having a leverage of x f about the center of gravity 
of the element. Then the rotation of the left skewbaek due only 




q, • center of gravity of the element abed, 
which is also the center of gravity of the S 
forces corresponding to the small elements^ 
rrt ntn i ,m 3 ,etc. 

Zh cenfer gravity of the moments of 
the small -t f orces aboyf fhg g ■ l y. y 

c \x-x 

Fid. MB. 


1u ( ’ (>nsi<k ‘ rin Ky// 


to the bending of this element will be /y 

rnv SfeSf •? » a force, £ of min/iim 

line" a «!„‘**>* « ** »" -b Uh. 


V - P-J 


KJ 


x 












Designating tin* elastic* weight by the letter (/, we have 

*' IW) (2) 

The total angle of rotation of the left skewbaek due to the force 
P will chjuuI t he .sum of all tin* moments of the elastic weights to 
the right of the line of action of the force P with respect to this 
line of action, or 

k - P^Gx' ( 3 ) 

In Art. 10 the moment of inertia has been defined as follows: 
“The moment of inertia of a plain* surface with respect to an axis 
is the sum of the products obtained by multiplying each ekv 
mentary area by the* square of its distance from that axis.” If 
each elementary area is considered a force, then the moment of 
inertia becomes the sum of the products obtained by multiplying 
each force by t he* square of its distance from the given axis. From 
this interpretation of the definition we may consider the same 
term to apply in the east* of the elastic weights of the arch ele¬ 
ments. In other words, whenever we obtain the sum of the 
products mentioned above for a system of elastic weights with 
respect, to a given axis, we shall designate such sum as the moment 
of inertia of these weights about the axis in question. Thus if 

B 

each product Gx' in the expression 2 Gx f in the above formula 

7 > 

should be multiplied again by x' the result of the expression would 
be the moment of inertia of all the elastic weights to the right of 
the line of action of P with respect to this line of action. If 
any given horizontal axis is also considered, the expression XGx'y, 
or in general 2Gxy, will be called the product of inertia . If two 
vertical axes are considered, the expression for the product of 
inertia takes the form 2Gxx'. It should be clear that “moment 
of inertia” is found with respect to one axis only, while “prod¬ 
uct of inertia” is found with respect to two axes at any in¬ 
clination whatever and making any angle with each other. 

In Art. 11 it is shown that the vertical and horizontal dis¬ 
placements (Fig. 15) of the free end of the arch due to the moment 
M acting upon a given element may be expressed respectively by 
the formulas 

Ms , 7 Ms 

dv = x y 7 r and dx = y y T -y 


( 4 ) 


where a; and y refer to coordinate axes with the origin 4 f 
OnW £ _ 1 *n %. • . ~ *f®»*** Uie 11*00 


, wun me origin at thn 

end. These formulas if applied to the element a/av/ «f p i ll ! 

may be put m the form t ,y ^ 


dy — X'Px'-G and dx » y*Px'*G 


Suppose now that a certain point 0 is assumed to be riridlv , 
nected with the cross-section of the left skewback and \JitT 
desired to find the displacements of this point 0 due only to^h® 

rotation of the element abed, this rotation being caused bv th® 
bending moment Px r B ttU8ta b y the 

of gravity of the element „h„i ,, consider C„, the center 
sidered so simply for illustratio ** *+£ Center of station (con- 
tathe center "of rot.,tatnet .1 C wf* t" '* tor 
statement means that the line P nZ’ precedin « 

angle as a line connecting C Z f Z™ hrou * h the same 
for vertical and horizontal di« n )n ’ Z al>0V( ' formulas 
respect to axes through the noint J ment ® can be applied with 
other point which is rigSlv en M throu « h * or any 

the left of the gi^eS W Z ** the arch «»d » to 
g ven element. We have then the formulas 


dy P ' Gx '’ x and dx = P-Gx'-y ^ 

b ae of action are g 11 elements to the right of its 


Ay 


■P2 Gx-x' a„ d Ax = pz‘ (ly . x , 


lit) 


considering Positive values of y above the axis X v , • 

fve values of a to tie right of y _ y * ~ A >**- 

represents the prodoe, r . “ prcMi,, “ 2 Gyx’ 

ti«M o, Pwilh » werta of the elastic weights It the 

line of p 1 ~ “ *° “““ ““ 

T ^ e ex Pression 2 Gx-x' represents the 



product of inertia of the name clan tie weights above mentioned 
with respect to the axis Y — }’ ami to the axis through the line 
of action of I*. 

Suppose now that a force or reaction Ri acts upon the struc¬ 
ture so as to cause equilibrium, and suppose this same reaction 
Ri is applied twice at the point 0 (rigidly connected with left 
skewbaek), hut acting in opposite directions as shown. It will 
be possible to resolve one of these two forces at 0 into two 
components l’ and //, and then the opposite force Ri can be 
combined with the actual skewbaek reaction so as to form a 
couple Ric. Thus at the point 0 we have the three unknowns 
V, H, and M a - /<*,<;. 

The angle of rotat ion at the point O due to the moment M a = 
R\e is given by the formula 

k = (7) 



to B. This expression comes directly from Formula (1), taking 
into consideration the fact that the moment R\e acts upon the 
entire arch. Therefore 

Mj!' 0 - P'LGx' (8) 

A p 

since the angles of rotation at 0 due to the force F and to the 
reaction moment M a = lUe must be the same. 

It will be convenient to take the point 0 at the center of 
gravity of all the elastic weights. By center of gravity is meant 
the point through which the resultant elastic weight will always 
pass no matter in what parallel direction the weights are supposed 
to act. This point may be readily determined by finding the 
lines of action of the vertical and horizontal resultants. The 
intersection of these two resultants is the center of gravity of 
the system. 

With the point 0 located as above mentioned, the vertical 
displacement of this point due to the vertical reaction V is, by 
Formula (6), 

Ay = V2 B Gx* (9) 

A 

This means that the vertical displacement of 0 from this cause is 


moment of inertia of the whole elastic system wit h resne.-t t ,, 
vertical axis through 0. This displacement must be equal tot,^ 
previously found due to the load P, or that 


VZOf m PZGx-x' 

A I> 


The horizontal reaction H does not cause any vertical dknl* 
ment at the point 0 since it acts at right angles to V ■ , h v" 
the center , of gravity of the system of elastic W( Z!tJ rf 
expression for the vertical displacement of point 0 due to force" 

follows : H2Gxy. The arch, however, is symmetrical, 


sojhat 2Gxy reduces to zero and no vertical displacement 

B Fom“.*r“ ement 0i "° the 

41 * (II) 


obtained by muItipWngtblTforaa by'the “’““V 0 P r0 ^uct 
the elastic weights of the whnU 1 ^ e moraen t °f inertia of 

horizontal 7“ "•*«* *° <>'« 

displacement previongr found, « ^ “ 1C 


H2* Gy* 

A J 


P 2 Gy • x r 

p 


kmS T M !* ” n " i<,I!red ” »”% 
7^«pMt.* taiK t2^ ( 2' ( J°>: “;! (12 j 

u ' rile moments and orodnr^ * x* 0t M<1 ~~ JilC > ^ > and 
be found readily by^nraphicaf Z , °' Ul ° <,la “ tic 
the reaction R, i s equal to the metho(k The magnitude of 
a°tual position may be determine 1? ?^ ° f F and 11 ■ an<1 ^ 
to thls resultant at a distance ^ drawing a tan «ent parallel 


from the point 0 

te 0b “” ed ^ ™-o“ C sho°.n ot 




Following k another method of deriving f nnmthtM (Hi, Uti) f stud U2»: 
Consider the element hM i Fig diet ) with flu* force* t* and h\ Nimultuneoimly 
applied. The bending moment lifting tm this element will be 

M /V t M, t I I / Hu 

If this value of M ih inserted it* mir three fundamental equations for this 
deflection of curved beams, we have 


a 


k 

i; « 

,i 

a 

2 i 
.1 

lit ’ 

) St* 

i bx 

» 0 

Alt 

■ PS 

i M„ 

f bx 

- tly)(!x » 0 

Ax 

It 

2 i 

PS 

i St* 

t bx 

- lly)U-y m 0 


,t 


The arch being Hvimnetrieiib and with the coordinate axes at the point 

h h n 

0 t we know that X (it 0, X (Sij « 0, and X Oxy m 0. Hubetifcut- 
A A * A 

ing these values, wo obtain 

n n 

X Mji - 1*X Ox* » 0 

.1 A 

n it 

T X (it * ~ I*X (h . x 1 * 0 

,t .1 

It It 

~~//2 f/// a - /'2J - o 

a d 

Since /V becomes zero for all elements to the left of the force P, 

n n 

m„X a * f 2 c/x' 

.1 /> 

/I /* 

b2J f/x 2 ~~ PX Ox* x' 

A v 

H H 

J/X (in 2 - -F2 <V/y 

-4 ;> 

These equations for /c, A//, and Ax are the same as Formulas (8),(10), and (12) 
respectively. 

It should be remembered that each part of a given clement, 
has an elastic weight of its own. In the element abed (Fig. 355), 
for example, the clastic weights of the smaller elements should 
be considered at their respective centers of gravity. Let g h 
g 2 , and g 3 , etc., represent respectively the elastic weights of the 
small elements m h m 2 , and m 3 , etc., and let C„ be the center of 
gravity of all these weights. Consider now the moments of these 
xxmio-ht.s about, tha axis Y — Y = n,x, A- aoXo A- a*x* 4- 


etc. = Gx 0l and the moments about, the axis A' ~ A' = gyj l + 
gaji + Ms + etc. = G V°- If cacil smu11 ( ‘ lt,,nont now assumed 
to have an elastic weight acting in a vert ical direct ion equal to the 
moment of its real elastic weight about the axis V - }’, the 
center of gravity of these elastic moments will not fall necessarily 
at the center of gravity (Co) of the element abed, but at some 
point as Cy. Likewise the center of gravity of the elast ie moments 
with respect to the axis X - X will fall at some point as C„. 
This means that, in finding the moment of inertia of all the 
elastic weights of these smaller elements, the elastic moments 
should not be considered to act at the center of gravity ('„ of the 
total elastic weight of the element, but at Cy or Cjj as the ease 
may be. If the distance from the point Cy to tin* axis Y — Y 
is designated as xy, then the moment of inertia of the elastic 
weight of the element abed, about this axis is 

Iy — GXvXy 

Similarly, the moment of inertia of the elastic weight of abed 
about the axis X — X is 


Lx = OyoVn 

The product of inertia of the el antic weight of the same (dement 
with respect to the axes X — X and the line of action of P is 

IxP = (*Vo * (** 7 / + a ) 

and with respect to Y - Y and the line of action of P is 

Iyp = 0x o * (xy + a) 

The points Cy and Cr may readily he determined graphically, 
as shown later on. These points will be termed cvntvrH in the 
articles which follow. 

The finding of these centers is a refinement over the method 
given in the preceding chapters of this hook. It should be noted 
that the elements, as abed (Fig. 35-4), may he of any given length 

and the work of dividing the arch into constant J divisions is 
avoided. 

40. Properties of an Ellipse.—In the preceding article the 
reason has been given for finding the points C v and C n (Fig. 
35S) for each element of the arch. A simple graphical construc¬ 
tion will suffice to find these points for any gi veil element. Before 
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presenting this method, however, it may be desirable to explain 
certain properties of an ellipse. 

If through a fixed point {<", Figs. 3<hl and30/?) any number of 
secants be drawn to an ellipse, and tangents to the latter be 
drawn at the points of intersection of each secant with the ellipse, 
then each pair of tangents will intersect upon a straight line 
(RS and MN, Figs. 30*4 and 30/?), called the polar of the fixed 




point (€'). Reciprocally the fixed point is called the pole of 
the straight line. The fixed point symmetrical with the pole 
with respect to the center of the ellipse is called the antipole of the 
straight line. 

In Figs. 30A and 30 B the pole C' is shown inside the ellipse, 
but the same property holds true for any point outside. The 
meaning of the term antipolar is clearly shown in these figures and 
no definition is necessary. 



If the pole lies on the ellipse, it follows from the above defini¬ 
tion that the polar is simply the tangent to the ellipse at the pole. 
For such a case the antipole is also on the ellipse since it is 
diametrically opposite the pole and at the same distance from the 
center. 

A diameter is any straight line passing through the center of 
the ellipse, and is the locus of the middle points of a system 




of an ellipse are the only diameters perpendicular to the chords 
they bisect. 

Two- diameters are said to be conjugate when each diam¬ 
eter bisects all chords parallel to the other. The" tangent 
at the extremity of any diameter is parallel to the conjugate 
diameter. 

If the antipole relative to a polar falls upon another polar, 
the antipole relative to the latter will fall upon the first. Thus in 
Fig. Z1A, the antipole of RS falls upon MN. 'Reciprocally the 



_/? 



diameter fall upon the 
conjugate diameter at Infinity 

Fig. 37 B. 

antipole of MN falls upon RS. Any line as ZZ (or even Cj \{tfC 0 
w ic passes through the center of the ellipse) passing through 
CW, the antipole of the line MN, will have its antipole some- 
w ere on the line MN . (The above statements hold with re¬ 
spect to poles and polars, as well as antipoles and polars or poles 
and antipolars.) 

The pole and antipole of a diameter fall upon the conjugate 
lameter at infinity (Fig. 37J5). In Fig. 37A a line through 
e center C 0 parallel to MN and the line CmnCo are conjugate 










n a \ ai* ? a 


•i«* 


If the lengths uf (hr wmi-mitjor ami semi-minor uxch of an 
ellipse are known, the antipole of any line or axis run be de¬ 
termined by u simple graphical construction. For example, in 
Fig. 38 the antipole (f', /v ) of MS may be found in the following 

manner: 

Lay off CJV = CJt, ami VJY - CJ>. 

Connect IV with /•', and l)' with <!. 

Draw IVH" jwrpendieulur to IVF, and IVIV perpendieular to 

ira. 

From IV draw a line parallel to < and from IV draw a line 
parallel to AH. 

The intersection of these lines is the antipole C Wi y 



41. Properties of the Center of Gravity of Static Moments.— 

Let Co of Fig. 39 be the center of gravity of the given element, 
which is the center of gravity of all the small elastic weights. Also 
let C B ,s be the center (see Art. 39) relative to the axis ItS, and 
C MN the center relative to the axis MN. Then the product of 
inertia of all the small elastic weights of the given element about 
US and MN is 

GxoVbs = Gy„x MN 

This equation shows that if y RS should be zero, then also x MN 
would be equal to zero. Thus it follows that if the center relative 
to an axis falls upon another axis, the center relative to the latter 
will fall upon the first. (It should be noted that this is the same 
relation which exists between the poles and polars, or antipoles 
and polars, of an ellipse, Fig. 37.) Also any axis passing through 
the center relative to another axis will have its center somewhere 
on that other axis. For such axes, which are conjugate axes, the 





The moment of mertia of the weights about the axis RS mav 
be expressed as follows: ay 

t 

I Its = GXoX RS 


„ _ Irs 

RS ~ Ox. 


If the axis RS should pass through the center of gravity C 

then x 0 would equal zero and x RS would .equal infinity Jhich 
is the same relation which exists n. . , y ’ wb cb 


* the relation ££ 

iff eters, or antipoles and diameters 

/ nf a n /m* } 


/• 




/ ■ 

Co ?C(?5 

i 1 

s 

Fig. 39. 


ot an ellipse (Fig. 37 #). 

It should now be clear that 
the centers CV and C a (Fig. 
355) for the given element with 
respect to given axes must be 
either the poles or antipoles of 
some ellipse which has its center 
at the center of gravity of the 
element and one axis lying in 


, r # dll 

The lengths of the mainr nnri 6 geometrical axis of the arch, 
ever, we We not yTZ^nT* ° f 

“ nd y»inl^ 36 l B^ftomed ™ P ? Elasticity.—Points 

reality centers of rotation of the ^ ^ e y are in 

sidered to act on the element ®“ ent a&cd forces are con- 
respectively. For examnle ! * ^ &Xes F “ T and X - X 

mg moment in each of toe/malTe / 0 ^ 7 ~ 7 Causes a bend “ 
the center of gravity of all these S Wl ’ ma ’ ms ’ etc -> and 

as forces will be the instant/ bendln S moments considered 

CCnter of «***» of the 


CCnter ° f r0tati ^ 

elements ^ is true, consider the very small 

respectively, and assume tha/ben/ ’ ^ Centers of gravity C\ and C, 
Jme acting along an a/s F- y "£? “ ‘ ia element^ a 

/ *°£ ce actln S on both wi and m ° a i f vertlcal displacement of A 
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Suppose we Meted n jHiinf r,,j on the straight lino joining (\ and C%. 

3 M r i 

such that ^ ^ : 1 it other words, wo will ehtnwe a point (h-a which 

is the center of gravity of forms* equal to M j and Mt applied at (\ and C% 
respectively. If the point A hIiouM rotate about this point due to the force 
acting on the elements m* and m 2 , the vertical displacement of A would be 


g f g « (Mi 4 M%g 

Since Xi-i = x t f Ui — x 5 ), we have 

(M t 4* M a )a?i-s » g(MiXi + Mixl) 

In a similar manner, the horizontal displacement of A under the same 
conditions would be 


(Mi + MAv i-s ff 580 g(Miyi 4* Mij/t) 

But these values are identical with those found above for the sums of the 
components of the two displacements. Thus the rotation caused by the 
force along F- Y acting on the elements mi and is about a point Ci~* 
which is the center of gravity of the moments Mi and Mi, when these 
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moments are considered as forces and applied at the centers of gravity of 
their respective elements. It should be evident that this same proof will 
hold with respect to any number of small elements and wc have then the rule 
that the center of gravity of the bending moments of the small elements, 
when these moments are considered as forces, is the center of rotation of the 
largo element abed. 

Now in Art. 41 it is shown that instantaneous centers C v 
or C H} Fig. 355; are either poles or antipoles of some ellipse with 
respect, of course, to the lines X — X and Y — F. If the cen¬ 
ters were the poles of X — X and Y — Y, there would be posi¬ 
tions of each axis (polar) for which its corresponding center 
(pole) would lie on itself. (A polar is tangent to an ellipse at 
its pole, Art. 40.) This, however, cannot happen since a center 
of rotation can never lie on the line of action of a force. The 
centers, therefore, are the antipoles of the ellipse for the given 








In order to determine the lengths of the ni-iior 
axes of the ellipse, consider a force 1\ l ying i„ the “Ih 
and acting on the section ad of the element abed Fig 4 \ J™" 

Pi acts. through the center of gravity C oftL ,5 ' < T 

shortening due to this force will be ° ' C ' ment > the 


As = ~r = p . _L . L 
PcA 1 E C I A 


where erectional area, - a, + 

placement of the face ad is eoual to Th ^ , kn ° W that the dis “ 
the moment of inertia of the el ^ pr ° duct of the forcc b y 
line of with «*pect to 

(radius of gyration) of the ellineJ’ t 1 P . the sem i-mmor axis 
<V trill be Se moment of ne 2“ ° ! in question, then 

displacement of tTseclTcS ZX “ nd ^ '» «>« 

so that 0n ad Wlth res P«ct to the section be 


As ~ Pi * G * p 2 

D . /t I - 


P l -G-~ = p l . G . p , 


p = . | (of mm'n 'n) 
v a4( of mm'n'n) 

rr ty n ° mai *«- 

radius of gyration of the central em« h f S ° tUrDS out to be the 
In a somewhat similar manner . ecfclon of the element abed. 
™th face ad, the semi-axis 0 fthTeir f ^ pigidIy co ™ected 
may be shown to be h llpse Iyin S on the arch axis 


Pi = _ IT 

v4(of abed) ~ s \i2 = °- 28 9s 

employe! tTaTTd E «- 38 (Art. 39) may now be 
enters or ““Poles relative to any given 

wightolfc demir^, fo T w r ay trea ‘ the 

““net as we have ^^ in the same 




Thou ii Mow* that an ellipse with it* center at O, Fig. 35A (major 

metrical arch) may * «npljy«l tlmt 

->« ?“T rll wlh™C.t to «h through 

is, the antipole of *>>*•!. »»tUP*e, "* . ^ Mnter of rotation of 

Setrl<r^ n thetrehTA, Fig. 35A) due to thriven force. 
The length of the semi-minor axis would 1ms «l im 

i # 



where I represent* the* moment of inert ia of all the elastic weights 
about the axis X - X, and S 4 0 represente the sum of all these 

weights. The length ofbTteS^abouUhe axis 
the same general expression, but, / wouia o 

F -y. Of« ? eel^o^n r= t^h ^ 

not have vertical and horaonla , » ^ arc hes 

method of determining the position of the ellipse for such 

will be given in Arte. 45 and 46. shown 4 U Art. 39 

For a symmetrical arch (F 1 ®- 0 ^ q wou id cause 

that any vertical force F acting through conclusion is 

only vertical displacement of , I of elastic i ty . For ex- 

reached from the theory of t _ I ellipse and the 

ample, the force Facte along the “ u “? rotation f a n a upon the 

antipole, or instantaneous centc that this force 

major axis at infinity (Art. W), . that j= a displace- 

causoB a rotation about a point at mfin ty teat ^ 

ment in a straight line perpenc icu Moments and Prod- 

43. Graphical Conet— %£££ Art. 39 the follow- 
ucts of Inertia of the Elastic w e g 

mg formulas are derived: 

mJg-^gx' 

FS /? Gx 2 = FS Gx-x' 

A 1> . 

HZ Gy* = - P\Gyx' 

+ . determine the moment and the hori- 
l y „r.^;lXuoloh,ht S of the reaction acting at the point 


0, Fig. 35^4. In order to find M a , V, and H, it in first necessary 
to determine the values of the following expressions! 


B 

2 0 
A 

2 Gx 2 

A 


B 

2 6V 

p 

2 * Gx'x' 

V 


2 Gy 2 

A 


2 Gy*x' 

p 


This may be done graphically. In fact it will be shown later thit 
the graphical constructions for finding moments and products of 

M V aL fthec Wei f tS i WiU ^ the Values of 

M. V, and H, if the constructions are made with this result in 


t0 show the generai meth °d 
order to gain clearntfin the l graphically. In 

™ghte L^TZTy:t TT7 Tr ^‘ h0d ' the 
TtuSlI ? TZf tS oi tticies'^Ltld 

Of “centers” or antipoles in t? e im i 1 . na . tmg an F consideration 
method will be shown^ ^ P relltmnar y discussion. The 
axes oblique to each other. 60 7 general by choosi ng coordinate 

the^lnTte ““ b V! r ‘° “ * gravity 0 

polygonsand drdddf l " ° f c ' |Ullibrulm 
(the inclination of whirT;! ’ ! deterrnine th « axis X-X 
are assumed to act parallef tTthT 7 deCldeci u P on )> th( ‘ weights 
Fa is constructed, and then the axis > next the force polygon 

/• The line X — xthronth ^ t ^rf 0ndlag oc l uili ^ u m polygon 
last sides of the equilibrium i ntersectlon P' of the first and 
of gravity of the system A 1 P ° +j* 0n / a wil1 contain the center 
determine, on this tel e J ^ ° f ^ P ° lyg0n 

the corresponding weights with r prop ° rtlonal to the moments of 

““ renter the^ it Zst 40 V“ T T * h ™<* 

m a like manner ernnWmm «! / * — Y may be determined 

rium polygon f, rd !,* f “ rce r " jl ™" n F b and the equilib- 

r-Y determines t ce t. f‘™. ° f the “<* X - X and 

1 See Elements of Structures ” by th Of gravity 0 of the system, 
wc-cures, by the same author. 
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If verticals are drawn through the points of application of 
the weights, the segments cut off on any given vertical by the 



equilibrium polygon ft will be proportional to the moment of all 








Kg. 42 shows whafc intercepts should he considered to give 

desired moments. 

As stated above for polygon /„, the sides of the equilibrium 
polygon f h intercept, on the axis Y - Y, segments proportional 
to the moments of the weights with respect to this axis. If 
these segments are treated as vertical forces applied at, the 
points of application of the original weights, the equilibrium 
polygon/, (constructed by means of the force polygon />’,.) will 
intercept, on the axis Y - Y, a segment which will be pro¬ 
portional to the moment of inertia of the weights with respect, to 
this axis. This segment is determined by the first and last 
sides of the polygon/,. As shown in Fig. 42 the intercepts on 
verticals through the points of application of the weights corre¬ 
spond to the general expression 1'6'x- x'. If equilibrium polygon 
f d is constructed in a similar manner to polygon /, (only with 
respect to the axis X - X instead of Y - >'), then the segment 
cut off on the axis X — A\ between the first and last sides of the 
polygon fd, is the moment of inertia of flu* weights about this 
coordinate axis. 

The equilibrium polygon /„ determines the moments of the 
weights with respect to the axis X — -V. If these moments are 
considered as forces and applied at the points of application of 
the original weights, hut this time acting vertically, the equilib¬ 
rium polygon/, (corresponding to force polygon /■'„! will intercept 
on a vertical through any weight, a segment proportional to the 
product of inertia of the weights to one side of tin* given vertical 
with respect to this vertical and the .V .V axi-. Fig. 12 shows 
what intercepts to consider for moments of the weights to the 
right and those for moments of the weights io the left of any 
given vertical. 

44. Method of Analyzing Symmetrical Arches for Loading 
Only. — The graphical const met ions in Fig. Id are similar to those 
given in Fig.42 except that <n, et <•., apply to t ho clast ie weights 
of arch elements (made of equal lengths for convenience! instead 
of to the weights of concentrated loads. Kneh part of a given 
element has an elastic weight of its own (Art. dth, consequently 

the centers of each element with respect to axes X . .V and Y — 

F must be determined. These may he found by means of the 
ellipse of elasticity, as explained in Art. 40. fdnee the arch is 
symmetrical about a confer line, only one-half of the structure 
need be considered. Tin* arch is divided into a small number of 



elements in order to show (ho method without any considerable 
duplication of work. 

In finding the moment of inertia of the elastic weights about 



the axis Y - Y, by means of the equilibrium polygon f c , the 
moments of the elastic weights determined by equilibrium poly¬ 
gon ft, should be considered as vertical forces acting at the 




























(17, 27, etc.). Similarly, the moment of inertia of the elastic 
weights about the axis X - X (see equilibrium polygon f d ) 
should be determined by assuming the moments of the elastic 
weights, given by equilibrium polygon /„, to act as horizontal 
forces applied at the centers of the arch elements relative to the 
axis X - X. The equilibrium polygon /„ should be drawn by 
assuming the forces corresponding to the moments with respect 
to the axis X - X to be placed at the centers relative to the same 
axis, but acting vertically. (The results from equilibrium 
polygons f a and fa should be checked analytically in many cases 
as the intersections are not advantageous and may lead to 
cumulative errors. The force polygon with /',. as pole may be 
drawn to a larger scale for convenience in drawing the corre¬ 
sponding equilibrium polygon /, .) 

It should be noted in Fig. 43 that the polo distance h is taken 


equal to 2(?; that d is made equal to 


zay- 

br 


and considered as unity 


iY iu" 

in scaling; that e is given a value equal to ^ ; and t hat the pole 

P c is taken on the end string of the equilibrium polygon f>, which 
occurs at the right of the entire arch, this string being produced 
backward to the left side of the axis V — Y. By so doing the 
values of the reactions and the moment M„ for a load unify at 
any given point may be scaled directly. 

The truth of the preceding statement may be proved as 
follows: From the preceding article we know that. 


u 

P2 ay 

M a - 

V / r 
+J < t 

i 


With P = 1 and b = 2G, we have 


-l/„ 


li 

2 ay 

!' 


which may be scaled from Fig. 43 in the manner shown for a load 
unity at p. (See also Fig. 42.J Likewise 
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The student should note that the first and last sides of the equilib¬ 
rium polygon /« in Fig. 43 would coincide if the right-hand half 
of the polygon were completed. This occurrence is due to the 
fact that the directions of the coordinate axes are conjugated and 
the product of inertia of all the elastic weights with respect to 
these axes must be zero (Art. 41). Thus the values of M a , V ly 
V 2} and II due to a load unity at any given point p may be de¬ 
termined by drawing a vertical line through the point in ques¬ 
tion and, in the manner shown in Fig. 43, scaling the intercepts 
which are cut off on this line by the sides of the equilibrium poly¬ 
gons ft>, fc, and f e . By laying off II horizontally as in the draw¬ 
ing and joining the point p f to the ends of Vi and V 2) the 
magnitude and directions of the reactions may be determined. 
The actual position of Ri may be found by drawing a tangent 


M a 

parallel to p r q at a distance ^ from the point 0. The right- 

reaction It* may then be drawn from the intersection of Ri 
with the vertical through p parallel to p'm. 

Considering d equal to 1 11). in scaling, we have, for a 1-lb. 
load at p in Fig. 43, Hi = 1.05 lb. and M = 17.7 ft.-lb. The 

17.7 

lever arm of Ri about 0 


1.05 


16.9 ft. In a similar manner 


the reactions may be found for a 1-lb. load at other points on the 
arch. The intersection line shown passing through n (Fig. 43) 
is intended to represent the line of intersection of all reactions 
with their corresponding loads. It is shown as horizontal in this 
case in order to save the labor of determining its exact location. 

Influence lines may now be drawn in the manner described in 
Art. 34 and the maximum stresses computed. Another and more 
graphical method, however, of determining values of ordinates to 
influence lines to represent maximum stress is shown in Fig. 44 
with reference to a given section designated as S. It is convenient 

xl. * j I. . 1 i 1 .. j lL^ a««.,1a*\ao rflQ Ht.hA 


• a line for horizontal thrust (//) which, oi course, may he 
J'ed dfcectty from the data giv™ m Fig. lit. ... 

gi™ S''™ 1 ;''' 1 |“'" «"• <•"* 

strength of the concrete, we have, from Ait. /-I, \ olume I, that 
the stress on the extreme fiber 

N , .Yjvi 
f‘~A~ / 

where N is the thrust normal to the section, and ,r„ and r, are the 
distances from the gravity axis to the point of application of the 



thrust and to the extreme fiber respectively. I .cl p the letter 
used for the radius of gyration of the section, then 

_ < ± V C, ! 

^ “ .IP" j . /»' 

*r i 

If the stress in the upper fiber is desired, the numerator in the 
above expression represents the moment about a point a distance 
2 

— below the gravity axis of the section, where x\ is tin* distance 

Xi 

from the gravity axis to the upper liber. Similarly the moment 

for the lower fiber would be taken about a point a distance ^ 

above the gravity axis where x\ is the* distance from the gravity 
axis to the lower fiber. If we denote these moments by M« 
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and M i} and the maximum fiber stresses by f e and/ t - respectively, 
then ’ 

, _ M* M e 

e a ■ p2 ~ A T*) (See Fig * 45) 

f _ Mi Mi 

fi ~ ^ ; P 2 = i(5) (See Fi ^ 45 ) 

^1 

M, and Mi are given graphically in Fig. 45 as the products 
R(ae) and J{(hi) respectively. It will be more convenient, 
however, to draw vertical lines through the points e and i, and 
to determine the products II (ge) and 



With the above discussion in mind, let us consider the influence 
on section S , Fig. 44, of a 14b. load at point 5. A vertical 
through this point shows the horizontal thrust to have a value 
ab = 0.98 lb., and a line drawn from the same point on the inter¬ 
section line, tangent to the envelope of the left reaction, cuts off 
the distances go and fi on the verticals through points e and i of 
the given section S. ge = 2.00 ft. fi = 0.35 ft. Therefore 
M e = 1.90 ft.-lb. and Mi = 0.34 ft.4b., and these moments may 
be plotted as the influence lines for fiber stress since the denomi¬ 
nators in the preceding equations are constants. 

45. Method of Analyzing Unsymmetrical Arches for Loading 

Only .—In deriving equations (8), (10), and (12) of Art. 39, the 

n b b 



= 0. The first two assumptions express the condition that the 
origin of coordinates is taken at the center of gravity of the elastic 
weights, while the third assumption is satisfied when the product 
of inertia of these weights referred to the two coordinate axes 
is zero. In Arts. 41 and 42 it is shown that the latter is the ease 
when the two axes are conjugate diameters with reference to an 
ellipse for the entire arch with its center at the center of gravity 



Kit;. *t<). 


of the elastic weights. It will he convenient to assume a vertical 
direction for one of the coordinate axes. In a symmetrical arch 
it is then recognized at once that the horizontal axis is conjugate 
to the vertical, but this is not so for an arch that is unsyinmefrical. 
For such an arch the additional problem is presented of finding 
a coordinate axis which will he conjugate to the assume, 1 vertical 
axis, ihis may readily he accomplished graphically. 

In Fig*. 46 let noints 1 9 9 „.„i i i .. . t , * e 




of elements with elastic weights G h (? 2 , G h and (? 4 , respectively. 
0 is the center of gravity of all the elastic weights and may be 
found as usual by assuming the elastic weights to act, first 
horizontally, and then vertically, and finding the line of action 
of the resultant in each case. The intersection of these two lines 
locates the center of gravity of all the weights. The construc¬ 
tion to find 0 is all shown by means of force polygon Fi and 
equilibrium polygons/! and/ 2 . 

Now in order to find a conjugate diameter AA' to a vertical 
through 0 , take any vertical axis MN and extend all sides of the 
equilibrium polygon/ 2 to intersect this axis at O', 1', 2', 3', and 
4'. The segments, as we know, will be proportional to the 
moments of the elastic weights with respect to MN. Consider 
these segments O'l', 1'2', 2'3', and 3'4' as forces and find their 
center of gravity M n assuming that they are applied at the same 
points 1, 2, 3, and 4. The construction is the same as for finding 
0 except that the acting forces are O'l', 1'2', etc., instead of Gi, 
(? 2 , etc. The force polygon F 2 and the equilibrium polygons / 3 
and / 4 furnish the solution. The vertical passing through the 
intersection c of the first and last sides of / 3 will contain the point 
M n . Rotating by 90° the forces O'l', 1'2', etc., about points 1, 2, 
3, and 4, the horizontal through the intersection d of the first 
and last side of / 4 will also contain M n . Thus the meeting point 
of the vertical through c and the horizontal through d will defi¬ 
nitely determine the point M n which is the antipole of the ellipse of 
the entire arch with respect to the vertical axis MN. As shown 
in Fig. 37A, a line through this point M n and the center 0 of the 
ellipse is a conjugate diameter to the line MN or to a parallel or 
vertical line through 0. Thus AA' is conjugate to a vertical 
through the center of gravity of the elastic weights—that is, 
AA' is the proper coordinate axis X — X corresponding to a 
vertical axis Y — Y. 

Once the conjugate axes for an unsymmetrical arch have been 
determined, the remainder of the arch analysis is similar in every 
way to the analysis of a symmetrical arch described in the preced¬ 
ing article with the exception, of course, that the entire arch 
must be considered. The method of analysis should be clear 
from a study of Figs. 42, 43, and 44. 

46. Temperature and Rib Shortening.—If the left end of the 
unsymmetrical arch AB, Fig. 47, is assumed as free, a variation 

1 yttUI ^orwTo orvtr unit, linpn.r dimpinsion 



to a length 1 + t„t D , U being the coefficient of linear teiuj»erat.« r 
expansion. The length of arch chord, /', will become /'(, ^ 
t e t D ) and this will be accomplished without any rotation. The 
reaction at the free end of the arch to return tin* arch axis to j, a 
original position must be such that no rotation is produced 
which means that the line of action of such reaction due to t em ’ 
perature must pass through the elastic center (), and lie j n 
diameter conjugate to the normal to tin 1 chord of the arch (see 
Arts. 40 and 41). The method of finding a conjugate axis* to 
the normal is the same in principle as the method explained in the 
preceding article for finding a conjugate axis to the vertical. By 



A 

Kit!. 17. 


formula (6) Art. 39, the disphi 
is as follows: 

it 


cement of () i rigidly fastened to A) 


Ilh <rl/-.r' I'/J. 


in which H is the reaction ami / <i ;r ,v' i> the product of inertia 

of the entire elastic system with res,met t„ the line of action of the 
force H and to the arch chord. If«. Fig. 47. is the antipoi,! of ft 


ellipse with respect to the ehonl .1//,' (hen the 


along AB is equal to H{()( 


displacement 


'Bmi’ t;. 

i 

//■'/• ,• v ( ; 


II 


I'Uo 

ru „ 

tl-r ■ if,' 

In order to determine f liea/tim,,!,. „ „f . 

ab U ii n g th c ... . .« 

the principal axes of the ellipse ... I 7 ' !'" 1 *" , “ , ‘ l 1,,n « ,lis ' ,f 

determined by the KrapluVah-misf- ' ’ ■ f '" U " ' ..already 


construction-. for loa.iim, ,l.. 
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Konts 1,, Uh ; ellipse of clarity of the ,y«lem parallel to the conjugate axes 
A ami > . I'm example, in lug. 48 the normal distance to axis X — X is 


whore /* represents the moment of inertia of all the elastic weights about 
the axis A' - A' and ZO represents the sum of all these weights (see Art. 
42). Likewise 



Fro. 48. 


Fig. 49. 


The lengths of the conjugate diameters being determined in the above 
manner, the graphical construction shown in Fig. 49 may be employed to 
determine the directions and lengths of the principal axes. 

Let AH and Cl) be two conjugate diameters of an ellipse. From C draw 
CE normal to AH and upon it, starting from C, lay off CF = OA. Join F 
with 0 and on FO, as diameter, describe the circle G. Join C with the center 
G obtaining the two intersections 11 and IC. Then OK and OH will deter¬ 
mine the direction of the principal axes. CH will be the length of OF, and 
CK that of OX. (In order to obtain sufficient accuracy it will be necessary 
in many cases to assume an ellipse witli the lengths of its conjugate diam¬ 
eters some suitable multiple of the lengths of the conjugate diameters of 
the true ellipse.) 

If the arch is symmetrical, then the force II acts along the 
horizontal or major axis of the ellipse of elasticity and 

112* Gy 2 = lt c t D 

A 

ltctD 

B 


or 


II = 




B 

The value of 2 Gy 2 is easily found from the graphical construc¬ 
tion of Fig. 43—that is, from the equilibrium polygon f d . (If ]<] c 
has been considered as unity in calculating the elastic weights for 
Fig. 43, then the above value of II should be multiplied by the 
actual value of E c . It is permissible to assume E, as unity in 
analyzing for loading since equations 8, 10, and 12, Art. 39, 
contain the value of E c on each side of the equality sign.) 

Rib shortening causes the same effect as a lowering of the 
temperature. By referring to Arts. 14 and 34, it should be clear 
that the following formula may be employed to solve for the 
equivalent temperature drop: 

f _ J?_ 

tj> ~ E c t c 

where c a is the average unit compression in concrete of arch ring 
due to thrust. 

47. Analysis of a Symmetrical Arch—By A. C. Janni, Consult¬ 
ing Engineer, New York City, Designer of the Carondclet Park 
Bridge, St. Louis, Mo.—The arch of the Carondclet, Park bridge 
(seePlatesXII, XIII, and XIV of Chapter XIII) is a rcinforccd- 
concrete hingeless arch of the solid barrel type, with segmental 
intrados and extrados. Its principal dimensions are as follows: 


Span. 95 .00 ft,. 

Rise. 7.50 ft,. 

Thickness at key. 1 ,50 ft. 

Thickness at springing. 2.50 ft. 

Intrados radius... 154 .00 ft. 

Extrados radius. 170.00 ft. 


A longitudinal section of the barred of the arch I ft. in width 
was considered, and the graphical constructions won* confined to 
one-half the arch on account of its symmetry. 

Since the length of the geometrical axis of one-half the arch 
was found to be 48.80ft., the dividing of t he arch into eight equal 
parts (made equal for convenience*) gave* each element a length 
of 6.10 ft., and the semi-axes of all the ellipses of elasticity of the 
various elements lying in the arch axis had t lie* same value, 
namely: 

Pi = 6.10 X = 6.10 X 0.289 - 1.7(1 ft. 










Taking into account the steel reinforcement in the various 
cross-sections of the elements, the area, A, and moments of inertia, 
I, were found to be as follows: 


4 i 

1 .2.48 sq. ft.0.46 

2 .2.48 sq. ft...0.46 

3 . 1.93 sq. ft.0.46 

4 .2.03 sq. ft.0.55 

5. . . 2.13 sq. ft.0.64 

6 .2.33 sq. ft.0.87 

7 ...3.18 sq. ft. 1.48 

8 . 3 .38 sq. ft. 1.92 


The elastic weights of the elements = Gj, assuming E c = l 
for the sake of simplicity, were found to have the following values: 



G 


G 

1. 

. 13.26 

5.. 

. 9.53 

2. 

. 13.26 

6. 

. 7.01 

3. 

. 13.26 

7. 

.4.12 

4. 

. 11.09 

8. 

. 3.18 


The semi-axes of the 


ellipses of elasticity 



axis of the arch, were as follows: 


normal to the 


1 . 0.43 ft. 

2 .0.43 ft. 

3 . 0.49 ft. 

4 .0.52 ft. 


5 . 0.55 ft. 

6 . 0.61 ft. 

7 . 0.68 ft. 

8 . 0.75 ft. 


The graphical constructions on Designing Sheet No. 24 were 
made in the following manner: 

Polygon p i.—The elastic weights given above were considered 
as vertical forces applied at the corresponding centers of gravity 
of the elements. The static moments of these forces with respect 
to center line'. Y were then found by means of the force polygon 
with the pole distance 2(7, and the corresponding equilibrium 
polygon p i- The sides of Pi, produced, cut on the vertical 
through 0 the static moments required. 

Polygon p 2 -—The same elastic weights given above were next 
assumed as applied horizontally at the centers of the elements, and 
the polygon p 2 was constructed to find the position of the center 
of gravity O of the elastic weights, as well as the static moments 

nf flioejn wAio'hf.e xxrifli rosnofi t.n flip hnriznntn.l nassino* thrmiP'b O. 









































Polygon p 3 -—Knowing the semi-axes of t he ellipses of elasticity 
of the various elements of the arch, the next step was to locate the 
antipoles 0\. . . . 0'» of the vertical through () with respect to 
each one of these ellipses. The static moments obtained by 
polygon pi were then regarded as vertical forces applied at the 
corresponding antipoles of the elements, and t la* equilibrium poly¬ 
gon p-j constructed. It should be clear that this polygon gave 
the moment of inertia of the whole arch with respect to the 
vertical Y. (The pole P 3 was chosen arbitrarily.) 

Polygon p 4 .—The antipoles of the horizontal OX were next 
located with respect to the various ellipses, and these points 

designated as 0'\ . ()"». Tin* static moments, obtained 

by polygon p 2 , were regarded as horizontal forces applied re¬ 
spectively at the points 0"i . (>'\. (The pole or center 

Pi was selected at a distance below OX equal to the vertical dis¬ 
tance between the first and the last sides of the polygon p 3 .) 
The corresponding equilibrium polygon /q gave the moment 
of inertia of the elastic system with respect to OX. 

Polygon p 6 —The polygon /e, was constructed by considering 
the same static moments as were used in determining t he polygon 
Pi, assuming also these moments to act as forces at t he same points 

0" i . 0"s, but this time in a vortical direction. (The pole 

distance of the force polygon was made equal to c. In De¬ 
signing Sheet No. 24 this distance is shown as 2c, but this is be¬ 
cause the entire force polygon was made twice the usual size for 
convenienceindrawing the corresponding equilibrium polygon /> 6 .) 

Polygons p h pz, and are tin* only polygons necessary for 
the study of the arch. Tiny an*, so to speak, characteristics 
peculiar to the arch, by means ol which moments, vertical 
reactions, and horizontal thrusts can be determined immediately 
for any hypothesis of loading. 

Dood Load . For 1-ft.width the following loads were computed! 
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The verticals of these loads, applied at, the respective centers of 
gravity, cut the polygons p h pz, and p 5 . The intercepts on these 
verticals with polygon p h measured to the scale of the drawing 
and multiplied each by its corresponding load, gave in each in¬ 
stance the amount of the moment at the point 0 for the load in 
question. Adding together all these partial moments, the total 
moment at 0 was obtained due to the dead load of the entire 
arch. 

Similarly, the intercepts on these verticals with polygon p$ 
(measured on a scale having as a unit the vertical distance 
between the first and last side of polygon pz) multiplied each by 
its corresponding load, gave in each instance the amount of 
horizontal thrust due to the load under consideration. Adding 
together all these partial horizontal thrusts, the total horizontal 
thrust was obtained. 

The results were as follows: 

2 M = 442.816 ft.-tons 
2// = 33.458 tons 


Knowing the total dead load of the arch = 13.766 tons, the 
points where the resultant reaction crossed the axes X and Y 
were found in the following manner, the values of x and y being 
given with respect, to the center 0: 


442.816 
* 13.7<><> 


= 32.1 (i ft. 


442.816 
y ~ 33.458 


13.20 ft. 


The exact, position of the polygon of pressure, therefore, was 
located, and the maximum stresses (tons per square foot) in the 
four sections iSb, and aS y 4 due to dead load were found to be 
as follows: 


Scr.tioii 

,s r ,. 

Intrados Extrados 

11.354 17.034 

8.603 26.447 

11.686 19.481 

33.400 -105.000 (steel) 

So. . 

Sz . 

S.\. . 








A short graphical method of analyzing an arch for dead load 
(including temperature and rib shortening) is shown in De¬ 
signing Sheet No. 25. Since dead load usually controls in 
the shape of an arch ring, this method should be used for 
making preliminary investigations with a view to determine 
the probable adequacy of the arch dimensions assumed. Proof 
of the correctness of the graphical construction may be found in 
the Journal of the Western Society of Engineers, issue of May, 
1913. The method in detail is as follows: Construct equilibrium 
polygons and p 4 as in Designing Sheet No. 24. On an arbi¬ 
trary vertical ab lay off the dead loads and assume the pole P 0 on the 
horizontal through a. Draw the corresponding equilibrium 
polygon po intersecting with the verticals through the points of 
application of the loads. Now load the polygon p 0 horizontally 
with the same elastic weights as determined for the arch, at the 
points where the verticals through the centers of gravity of the 
elements meet the polygon p 0 . Then intersecting these hori¬ 
zontals with an equilibrium polygon p'i, corresponding to the 
force polygon P 2 , the center of gravity O' of this new elastic sys¬ 
tem is determined. Again load the polygon p n with the static 
moments found for the construction of polygon p. h but this time 
assume them applied at the meeting point of the verticals through 
the antipoles with the sides of the polygon p 0 - The equilibrium 
polygon p\, corresponding to the force polygon 1\, determines a 

distance^' between its first and last sides. This distance is 

proportional to the moment of inertia of the elastic weights 

acting on this new elastic system, in the same manner that 

A 

is proportional to the moment of inertia of the system of elastic 
weights with respect to the horizontal passing through 0. 

Between the polygon po and the true pressure polygon p there 
is a geometrical relation. For example, the distance of any point 
on the true pressure polygon p from the horizontal through 0 can 

be obtained by multiplying by the ratio the distance from the 

horizontal through O' to the point of the polygon p 0 on the same 
vertical with the point in question. Thus any distance as kk 

equals k f k f multiplied by The horizontal thrust aP, likewise, 

may be found by multiplying the assumed thrust aP Q by the in- 

TTflYiClft 4-N. „ X,! _ _ ^ 
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e' 0.59 

In the arch in question ~ = q = 1.34 and the assumed 
horizontal thrust = 25 tons. The true thrust, therefore, was 
1.34 X 25 = 33.5 tons. The ratio — r — = 0.745, and the 

vertical distance between O' and the polygon p 0 = 0.70. Then 
0.745 X 0.70 = 0.52 determined the exact point where the true 
horizontal thrust intersected the key of the arch. 

Note that the coordinates of the resultant obtained by the 
method of Designing Sheet No. 24 checked exactly with those 
obtained by this method. The horizontal thrust also checked 
by the two methods. 

Temperature .—The horizontal thrust, due to temperature 
changes, passed through O and its intensity was given by the 
formula: 

Tj _ ItcEc 

* " 2ft/ 

where 

t c = coefficient of expansion = 0.0000066. 

I = span of the geometrical axis = 95.7 ft. 

E c = modulus of elasticity of concrete = 144,000 tons per 
sq. ft. 

2(7?/ 2 = moment of inertia of the arch with respect to the hori¬ 
zontal passing through O = e X 14.16 X 11.76 = 
2.64 X 14.16 X 11.76 = 439.61. 

(e was measured to the same scale as the elastic weights— 
that is, 1 in. = 6 units. The polar distances were 
measured to the same scale as the drawing, namely: 
1 in. = 3 ft.) 

Substituting these values 

rr 0.0000066 X 95.7 X 144,000 A OA 
H = 439.61... = °- 20 

for 1° change of temperature. For a change of 30°F. 

H = 6.00 tons. 

For a drop of temperature of 30°, which was the only case need¬ 
ing consideration, the following stresses were obtained in tons 
per square foot: 


Intrados 


Extrados 



Shortening of Arch Due to Dead Load and Shrinkage.—' The; 
shortening of the geometrical axis of the arch due to (haul load, 
at the time when the arch is allowed to hear upon its supports, 
may be considered as a shortening due to a drop in temperature. 

Knowing, by means of the pressure polygon, the amount of 
compression on each cross-section, and knowing also the modulus 
E c , the shortening of the arch was calculated and found to corre¬ 
spond to a drop in temperature of 23.4°F. 

The arch was concreted by the alternate block method (see 
Art. 53) and the shrinkage of the arch was confined to the shrink¬ 
age of its keys only. The total key space was <> ft., and ^ was 

considered the ratio of shrinkage in a 1:2:4 concrete. The 
shortening of the arch axis, using these values, was found to 
correspond to a drop of 4.6°F. in the arch. 

The total drop of temperature due to the above two causes was 
assumed at 28°F. The corresponding horizontal thrust which, 
of course, passed through 0, induced the following stresses (tons 
per square foot) in sections Si and b' 4 of the arch. 

Intrados Ex t. ratios 

At spring (section Si ). 8.30 (concrete) — 31f>.00 (sieel) 

At key (section S A ). -42.00 (steel) 5.80 (concrete) 

It might be interesting to note that had the arch boon concreted 
by longitudinal sections from springing to springing in one opera¬ 
tion, the shrinkage in the concrete would have induced in the 
arch, stresses equivalent to a drop of temperature of 7f>°F. 

Stresses Due to Live Load. —From Designing Sheet No. 24 it 
should be clear how the envelope lines and the intersection line 
can be constructed, the construction being fully indicated for 
position 4 of the load. 

In Designing Sheet No. 26, which represents the whole arch, 
the envelope lines, the intersection line, and the polygon have 
been redrawn. 

By means of the above lines, the various reactions correspond¬ 
ing to the several positions of the unit live* load, together with 
the corresponding horizontal thrust in ouch ease, have been 
determined. Moments have been determined, likewise, for the 
kern points i and e of each section and the results obtained are 
given in the following table: 

Influence lines for kern moments have' been nlofted in Dnsitm-. 



Positions 
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0.50 - 17.45 - 15.90 - 8.72 - 7.95 | 4.20 4.93 2.10 2.47 0.30 0.92 0.15 0.46 




























ing Sheet No. 26. These influence lines have no direct importance 
in a design of a reinforced-concrete arch section where the tension 
in concrete is omitted, and the intention in showing them in this 
case is to demonstrate how careful a designer should he in apply¬ 
ing certain empirical rules of loading in order, as he thinks, to 
find the maximum stresses in the arch. These lines show clearly 
that the m s"™ 11 ™ stresses at intrados and extrudes for the same 
section do not happen with the same hypothesis of loading. 

The stresses at section Si due to the live load of 100 11). per 
square foot were found to be as follows in tons per square foot: 

Intrados Ext rados 

10.60 (concrete) —243.0 (steel) 

Total stresses in section Si of the arch were finally determined 
and found to be: 

f e = 12,750 lb. per square inch (steel) 
fi = 850 lb. per square inch (concrete) 

The computations of the stresses in the sections and 

have been omitted, as they would have shown smaller stresses 
than those found above for section NV 

Design of Abutment .—The resultant clue to the dead load of the 
arch was found to be 36.2 tons (per I-ft. length of abutment) 
and the vertical dead load on the abutment itself, 45.00 tons. 
The resultant of these two forces was 67.500 tons, and its vertical 
component 58.7 tons. (See Designing Sheet. No. 27.) The result¬ 
ant dead load intersected the base at point E which is not the 
center of the base. Using formulas for bending and direct stress 
for compression over the whole section, there resulted a pressure 
of 2.5 tons per square foot at C and a pressure of 0.38 ton per 
square foot at D. 

AN and Ki are shown as the middle third points of the rectangu¬ 
lar base CD X 1 ft. If from AN wo draw the tangent K\B to the 
left envelope line, all positions of the live load to (he right of B 
will cause compression at (/. Also if we draw from K t the 
vertical KiF, and from C the vertical fYZ, all positions of the 
live load between G and F will affect the point (* in the same 
manner, so that the most prejudicial hypothesis of loading, as far 
as pressure at C is concerned, is when if is assumed that all arch 
and abutment is loaded except the space FB. 

Assuming, as for the arch, a live load of 100 lb. per square foot, 



the maximum compression at C was found to be 0.50 ton per 
square foot. 

On account of a rise in temperature, an additional pressure at 
C was taken into account. Assuming that there would be a rise 
of 30°F., which corresponds to a horizontal thrust of 6.0 tons, 
the corresponding pressure at C was found to be 0.48 ton per 
square foot. 

The total maximum pressure at C was found to be as follows: 

2.50 + 0.50 + 0.48 = 3.48 tons per square foot 

The part PD of the footing slab was designed as a slab sup¬ 
ported on two sides (counterforts) and loaded as shown by the 
pressure diagram. 

The part CP was reinforced to stand a deflection indicated by 
the arrow. 

For shear, it was necessary only to ascertain the intensity at P, 
where it was 22.5 tons per 1-ft. depth of slab, safely absorbed 
by the sections of concrete, longitudinal upper reinforcement, 
and stirrups. 

Of course the shear (likewise the moment) increased going 
from F to E, where it reached the maximum; but it is not neces¬ 
sary to go into details for the sections on the right of the section 
PQj since the shape and area of these sections preclude any possi¬ 
bility of maximum conditions. The maximum compression at Q 
was found to be 601 lb. per square inch. 

The front wall of the pier (2 ft. thick) was found to safely sup¬ 
port the vertical component of the total reaction, or 13.76 tons 
+ 4.70 tons. 

Concerning now the horizontal component of the above reac¬ 
tion, two sections were considered for shear—namely: sections 
HL and MN. The maximum shear in concrete at section HL was 
found to be 52 lb. per square inch (considering the steel reinforce¬ 
ment to be 12.5 sq. in. per linear foot depth), and at section MN, 
64 lb. per square inch. Considering that a good vertical com¬ 
pression acted on these two sections, it will be seen that the above 
stresses were quite legitimate. 

Finally, the counterforts were designed as solids under combined 
action of direct compression and bending with regard to the thrust 
of the arch. Fig. 50 on Designing Sheet No. 27 gives an idea 
of how the problem was solved by means of the formula for bend- 
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fort, and AB is a section taken normally to MN. F' is the com¬ 
pressive force on the section and F" the shear. O is the center 
of gravity of the cross-section AB. 

48. Method of Analyzing a Series of Arches with Deformable 
Supports.—Consider first a three-span symmetrical arch struc¬ 
ture as shown in Fig. 51, whose piers Pi and P 2 are of such di¬ 
mensions that they can be regarded as deformable. If the arches 
A h Ai, and A s were equal, then, as far as the dead load is con¬ 
cerned, each of them could be regarded as a fixed arch. If they 
are unequal as shown, then, with the overloading of the short 
spans, it is usually possible to drive the resultant to the center 
or near the center of the base of the pier. This result being 
accomplished, it is then permissible to consider each arch as 
fixed. 

The live load, in every case, requires a totally different treat¬ 



ment from that mentioned above. It is evident that the middle 
arch A 2 is supported by two elastic systems —AJPi on the left 
and AzPi on the right. The method is to construct the ellipse of 
elasticity for the arch A x and for the pier Pi (Fig. 52)—that is to 
say, to construct the ellipse 0 a (ellipse of elasticity of the arch with 
respect to its terminal section A — A) and the ellipse 0„ (ellipse 
of elasticity of the pier with respect to its terminal section A — A) 
—and then to construct the ellipse of elasticity with respect to 
the same section A — A when this section is regarded as a sec¬ 
tion of the entire system AJ* X . 

A horizontal displacement without rotation of section A — A, 
regarded as the terminal section of P h cannot happen but for 
the action of a horizontal force F p passing through O p , and 



if SC, is the elastic weight of the pier Pi, this displacement of 
A — A will be given by (see Art. 42) 

F p • SC, • p , 2 

This same displacement of A — A, when A — A is regarded as a 
terminal section of A h is given by (see Fig. 52) 

F a • SG a • p a 2 

where SG a is the elastic weight of the arch Ai. 



We have, therefore: 

Fp • SC, • Pp 2 = Pa • SC« • Pa 2 

or 

F« m 

F p SC* - p a 2 u; 

which gives the position of the horizontal passing through the 
center 0. In fact, if we regard A — A as a section of the elastic 
system AiP h its horizontal displacement must be caused by a 
horizontal force F a + F v passing through 0. If we designate 




di and 4 as the perpendicular distances from U to 1< V and F a 
respectively, then 

dr _ 2G„ • p P 2 
d 2 2 G a ' Pa 2 

or 

d\ di 

! 4. SOa ~ P_l (2) 

1 + 2Gp • p p 2 

In exactly the same way, we obtain 

n _ 2(? P • (p^) 2 ^ 

F' p " 2G a • (p',) 2 d\ 

or 

4/ _ A + d\ 

i . (3) 

+ 2(? p -(p'r) 2 

This expression gives the position of the vertical through 0. 

The point 0 being located, the elastic weight of the combined 
arch and pier must now be determined. Since 0 is the center of 
the ellipse, any rotation of section A — A (as belonging to .AiPi) 
about 0 cannot be caused but by a couple. (A force of which 0 
is the antipole must lie at infinity—that is, will act along the 
antipolar of 0 —which is the same thing as saying that the rota¬ 
tion is caused by that of a couple.) On the other hand, the same 
rotation of A — A, regarded as terminal section of Ai, is caused 
by a force R a acting along the antipolar of 0 with respect to the 
ellipse O a ; also the same rotation of A — A, regarded as terminal 
of Pi, is caused by a force R p acting along the antipolar of 0 with 
respect to the ellipse O p . Hence the forces R a and R p will con¬ 
stitute a couple, or R a = R P — R. The angle of rotation is given 
by the formula (Art. 39) 

k = M2G = Rd2G 

and considering the section A - A as belonging first to A x and 
then to Pj, we have 

k 1 Rr a lG a ” Rvp'Z/Gj, 

or 

2 Gg r p 2G ! p 

d d 

which determines the total elastic weight of arch and pier. 


(4) 



The horizontal displacement of A — A as belonging to A 1 P 1 is 

(Pa+P^-p 2 

This displacement must be the same as that due to the force P p , or 
(Fa + Pj>) 2(? * P 2 = Pp * 2(jr p * Pp 2 



p / F a \ 


p 

Substituting the value of -ft from Equation ( 1 ) 

r v 



9 SGp * Pp 2 

P ~ 


or 

, 2 (? P -p , 2 

' ’’ 2e (> + |) 

(5) 

Similarly 

ZGM 2 

(p ) — , jr x 

2c ( i+ s) 

( 6 ) 


Equations (5) and ( 6 ) determine the lengths of the semi-minor and 
semi-major axes of the ellipse at 0. 

The ellipse of elasticity for the system A x Pi (Fig. 51) is now fully 
determined. In a like manner the ellipse may be drawn for the 
system AiPiA 2 by combining the ellipse for A\P i with the ellipse 
for A 2 , and so on. The same operation can be carried out start¬ 
ing from the right abutment. 

Suppose the effect of loads on the arch A 2 is to be determined. 
The method of doing this is to find the ellipse of elasticity for the 
system AiPi and for the system A 3 P 2 . (If the entire arch system 
is symmetrical about the center line between piers Pi and P 2 , 
there is a great deal of work saved.) The arch A 2 is then studied 
in the usual way, with the only variation that it is assumed that 
the arch is constituted by its elements plus two ideal elements, 
one on each side of the arch A 2 (Fig. 53), each having the ellipse 
of elasticity as above determined. These ellipses of the ideal 
elements are considered as any other of the ellipses of the arch 
elements. 

Having found by the above method the reactions Rl and R r due 
to the actions of the elastic systems A^Pi and P 2 A 3 respectively 
against the archA 2; it becomes necessary to determine whip.h onm- 



ponent of R L belongs to the arch Ai and which belongs to the 
pier Pi . (In Fig. 51 consider R x the component acting upon A ly 
and R 2 the component acting upon the pier.) This is most 
easily accomplished by means of the three ellipses O a , O pt and 0, 
already found (Fig. 52). Consider the section A — A as a sec¬ 
tion of the system A JPi under the action of the force R L . A rota¬ 
tion of this section will be performed about a certain point D 
(not shown), which is the antipole of R L with respect to the 
ellipse 0. The same rotation of A — A, if we regard A - A as 
the terminal section of P h will be caused by a force R 2 acting 

along the antipolar line of the same 
point D with respect to the ellipse 
O p . Similarly, if A — A is regarded 
as the terminal section of A i, then 
the same rotation of this section 
will be caused by a force Ri acting 
along the antipolar of D with re¬ 
spect to O a . With the usual con- 
and antipole, or, what is the same 
thing, for finding antipolar and pole, the lines of action of Ri and 
R 2 can be located. Of course, as a check, the two components 
as found above must meet onR L . A similar method of finding 
components can be applied to the system P 2 A 3 for finding the 
forces acting on P 2 and A 3 . 

In the case of a bridge of two spans, each arch could be regarded 
as fixed at one end and supported at the other end by the elastic 
system, including arch and pier. The end arch of a three-span 
structure could be regarded in a similar manner except that the 
elastic system would consist of two arches and two piers. 

It can be readily appreciated that the analysis of a large series 
of arches in the manner above suggested would be exceedingly 
laborious on account of the large number of ellipses of elasticity 
which would need to be determined and the consequent resolving 
of reactions into components. The method may be greatly sim¬ 
plified by the fact that the effect of a load on any one span extends 
principally over the span itself and the two spans immediately 
adjacent. For example, if A 2 in Fig. 51 is assumed as an arch of a 
large series of arches, it is permissible for all practical purposes 
to consider the arches A x and A 3 as fixed at P x and B 2 and to 
analyze arch A 2 with its supports AiPi and AJP 2 without regard 
to any of the remaining arches of the system. If the arches are 



struction for finding polar 



all equal, then the same calculations will serve for any three 
arches of the series. 


It is possible to take into account the stresses in an arch result¬ 
ing from the yielding of the soil beneath the piers due to an eccen¬ 
tricity of the resultant thrust on the base. Knowing E of the 
ground, which is the same thing as knowing the load necessary 
to have the soil yield 1 in., and neglecting the even or horizontal 
displacements of the soil, an ellipse of elasticity may be deter- 
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mined due to yielding. If we call I the moment of inertia of the 
supporting surface in contact with the footing of the pier, and g p the 
amount of yielding found as above, then the expression 


G 


g ~~ 


_1 

gj 


will be the elastic weight to be applied at the center of gravity of 
that section. The ellipse of elasticity of this point (Fig. 54) 
will have only the horizontal axis, since the vertical one will be 
zero on account of the assumption that the horizontal displace¬ 
ments may be neglected. 


The method of analyzing a series of unsymmetrical arches with 
elastic piers is the same in principle as the method already ex¬ 
plained for symmetrical arches. A graphical construction is 
convenient, however, to find the lengths and directions of the prin¬ 
cipal axes of an ellipse when two pairs of conjugate axes are known. 




These principal axes are required in order to use the construction 
of Fig. 38 to find antipoles from polars or antipolars from poles. 
A brief description of the method of combining ellipses for un- 
symmetrical arches will be given. 

Referring to Fig. 55, consider first the arch AB, and let us 
determine a force F a which will cause the point A to undergo a 
horizontal displacement, without rotation. The line of action of 
this force F a will be along the conjugate diameter of the vertical 



through the center of the ellipse 0„. The horizontal displace¬ 
ment is equal to 

F a ■ 2G a - r' • d' 

considering a the antipole of the horizontal through the point 
A. (See Art. 46.) The horizontal displacement of the point A 
due to force F p is, as before, 

F v • 2 G p • p p 2 

Then F v • 2 0, ■ p P 2 = F a ■ 2 G a ■ r' - d' 

Fa _ 2G p - Pp 2 
Fp 2 Ga • r' ■ d' 


or 



If F a and F p are prolonged until they intersect, then the resultant 
F of these two forces, the direction of which may be determined 
by means of the above equation, will cause A of the system BAP 
to move, without rotation, through the same horizontal distance 
as the force F a acting on the system AB or the force F p acting on 
the system AP. 

Considering the vertical displacement of A, we obtain a simi¬ 
lar equation to the above. The resultant F' of the forces F' a and 
F' p will cause point A of the system BAP to move through the 
same vertical displacement without rotation. 

The two forces F and F' will cause point A to be displaced along 
a line passing through the center of the ellipse of elasticity of the 
system. Consequently the center of the ellipse is at the inter¬ 



section of the forces. The elastic weight of the system BAP 
may be found in the identical manner previously explained for 
the symmetrical arch and pier. 

The graphical construction of Fig. 55A 1 serves to determine the 
principal axes of the ellipse 0. Considering ellipse 0, the line 
of action of the force F and a vertical (V) through 0 on the one 
hand, and the line of action of the force F' and a horizontal 
(H) through 0 on the other hand, constitute two pairs of conju¬ 
gate elements of the ellipse by means of which the principal axes 
may be determined. 

To find the major and minor axes, describe an arbitrary circle 

1 Taken from an article by Prof. II. Lossier of the University of Lausanne in the “Genie 
Civil,” volume of 1903. Translation by Mr. Samuel Moreell, Jr., Bridge Designing Engineer 
for City of Chicago. 




(with center C) passing through 0. This circle will intersect 
the straight lines F, V, F', and H in the points A, A', B, and B' 
respectively. The point of intersection K of the straight lines A A' 
and BB' will be the center of the figure AA'BB'. Connect points 
C and K and prolong to intersections M and N on the circumfer¬ 
ence of the circle. The two conjugate diameters OM and ON will 
be perpendicular and determine the direction of the principal 
axes of the ellipse. The length of the axes required may be found 
by drawing the tangent t to the ellipse 0, parallel to F. The point 
of'contact T of t lies on the vertical V at a distance OT from 0 

equal to i = ./ - - T ~ y > where H a is the horizontal projection of 

the force F which causes a horizontal displacement of the point 
0 equal to unity without rotation. Let T i be the point of inter¬ 
section of the tangent t with the axis ON and let T\ be the pro¬ 
jection of T on this axis. Then the length of the semi-axis is 

OD = VcOThXOTi) 

that is, OD may be measured by the length OD± of the tangent 
passing through 0 to the circle described on TiT\ as a diameter. 
The length of the other principal axis may be found in a like 
manner. 

The statements made in the preceding chapter in regard to 
temperature and rib shortening in a series of arches with elastic 
piers should be noted. 



CHAPTER IX 


DETAILS OF ARCH BRIDGES 

49. Spandrel Details in Earth-filled Bridges.—As stated in 
Art. 3, the filling material in solid-spandrel bridges is held in place 
laterally by retaining walls which rest upon the arch ring. These 
retaining walls may be of either the gravity or the reinforced type, 
or they may consist of thin vertical slabs tied together by re- 
inforced-concrete cross walls as employed in the design of the 
arch bridge of Chapter IV. In the usual type of solid-spandrel 
construction the sidewalk rests upon the earth filling, which is 
the type shown in Fig. 56. Where the counterforted type of 
spandrel wall is employed, sidewalks are sometimes cantilevered 
beyond the faces of the arch ring, as illustrated in Figs. 57, 58, 



Fig. 56. —Leonard Street bridge over Grand River, Grand Rapids, Michigan. 


and 59. The faces of spandrel walls may be entirely plain (Fig. 
57), or panels of approximately a triangular shape may be formed 
either by indenting the portion above the arch ring or by nailing 
beveled strips to the form work with the result shown in Fig. 60. 
Brick and stone are used in some cases as a facing for arch rings 
and spandrel walls. 

Figs. 61A and 61R show a portion of a flat arch bridge designed 
for the city of Lima, Ohio. The spandrel walls are of the rein¬ 
forced cantilever type. Other examples of this form of spandrel 
wall and sidewalk construction may be found in Chapter XIII. 

A bridge with gravity spandrel walls is shown in Fig. 02. The 










brick facing for the arch ring and the cast concrete and brick 
belt courses should be noted. The spandrel walls rest partly 
on the brick facing and partly on the concrete portion of the arch, 



Courtesy of Mr. Daniel 


B * Luien ’ Consulting Engineer , Indianapolis. 

. 57.—Bridge at La Junta, Colorado, 


tty “ mt0 the concrete portion by means of a projection 
winch Sts mto a Sin. by 12-in. groove in the arch. 

+k ? neenng and Contractin g> issue of Oct. 7, 1914 describes 
e character of the cast concrete and brick masonry as follows: 









“The cast concrete blocks for the belt courses and copings are com¬ 
posed of 1 part cement and 3 parts crushed stone chips, the chips being of 




such sizes as to pass through a f-in. mesh screen. Waterproofing 
material is incorporated in the concrete of the cast stone. After being 


Courtesy of Mr. Daniel B. Luten , Consulting Engineer , Indianapolis. 

1? IG . 58.—Washington Avenue bridge, Elyria, Ohio. 


Fig. 59.—Adams Street bridge, Troy, Ohio. 


cast from 40 to 60 days, all exposed surfaces of the stones were dressed 
with six-cut bush hammers. The cast concrete blocks are laid in 1.2 
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Fig. 61 A.—Details of Pine Street bridge, Lima, Ohio 
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Courtesy of Mr. Daniel B. Luten, Consulting Engineer, Indianapolis. 

Fig. 60. —Georgetown bridge over Wabash River, Georgetown, Indiana 
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Portland cement mortar, with joints of not more than 4 in. Before 
the mortar had set the joints were raked out for a depth of 3 in. and 
pointed with 1:1 Portland cement mortar. 

“The bricks used for facing the arch rings and for the ornamental 
courses are up-and-down, hard-burned, dark, water-struck bricks. They 
are laid in 1:3 Portland cement mortar, except the outer 4-in. faces 
where “ Puzzolan” cement is used. One pail of lime putty was allowed 
to be added for each barrel of cement.” 

A counterforted type of spandrel wall is shown in Fig. 63. 
These walls are 12 in. thick and are reinforced on both faces with 
a double system of rods. The counterforts occur at about 9-ft. 




Pig. 62 . —Details of Larz Anderson bridge over the Charles River, Cam¬ 
bridge and Boston, Mass. 


intervals, and cantilever brackets are placed at these counterforts 
to support the sidewalks. The following description is taken 
from Engineering Record, issue of February 22, 1913. 

“The entire width of the arch ring between outside faces of spandrel 
walls is 35 ft., and the roadway above is 39 ft. wide, thus giving an 
overhang of 2 ft. on each side of the bridge between the curb lines. This 
2 -ft. overhang constitutes the concrete gutter of the roadway and, as 
such, will be subject to heavy concentrated wheel loads coming upon the 
cantilever section. It was, therefore, built as a heavily-reinforced 
concrete beam. This beam is 2 ft. 9 in. wide, having a depth of 15 in. 
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brackets of the piers and abutments. Drainage is provided by means 
of 6-in. cast-iron drains in the gutters over the piers.” 

Details of the arch bridge over the Olentangy River on King 
Avenue, Columbus, Ohio, is shown in Figs. 644, 64B, and 64C. 
The type of spandrel walls without pilasters over piers should be 
noted. Since the space beneath each sidewalk is hollow, the 
inner wall was designed as a slab with the principal steel placed 
horizontally between cross walls. The longitudinal walls under 



Fig. 60.—Details of expansion joint in highway arch bridge over Chatta¬ 
hoochee River at Columbus, Georgia. 

the car track wore employed to prevent the usual settlement of 
the track when laid on a new fill. The ties were laid directly on 
top of these walls and earth filling was dumped both sides of, 
and also between, the longitudinal walls. 

An earth-filled arch faced entirely with stone is shown in Fig. 
65. The bonding irons should be noted. 

Drains should be placed on each side of the roadway of a con¬ 
crete bridge at intervals of 30 to 40 ft. when the roadway is level 
and about every 100 ft. when on a grade. These drains should 
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have a diameter of not less than 3 in. The minimum area o a 

drain in square inches may be computed by the formu a 

a ~ 200 

where A = area of the surface drained m square feet. 
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Fig. 70.—Bridge over Saskatchewan River at Saskatoon, Canada. 
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Fig. 71. Wisconsin approach to high wagon bridge at Winona, Minn. 
































Fig. 74, —Third Street bridge, Dayton, Ohio. 
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Fig. 67 shows a full-barrelled arch reinforced with typical Melan 
trusses made up of 3 in. by 3 in. by yVin. angles and 2\ in. by J-in. 
lattice bars. The floor system is carried on a series of transverse 
spandrel walls and the floor slab is provided with expansion joints 
as shown. The sidewalks leave an overhang of about 3 ft. and 
are supported on cantilever brackets. The cantilever section of 
the sidewalk is cast in units 5 ft. long and laid in place. Tile 
conduits are provided under each sidewalk for the necessary wires, 
and a 4-in. gas pipe and 12-in. water main are laid in specially- 
designed reinforced-concrete troughs beneath the roadway. 

Transverse spandrel walls with openings to save material are 
shown in Figs. 68 A and 685. The method of carrying the side¬ 
walk should be noted. 



Fig. 77.—Abutment of causeway arch construction, Galveston, Texas. 


The details of the ribbed arches in Figs. 69, 70, 71, and 72 
should need no explanation. Fig. 73 shows a ribbed arch struc¬ 
ture in which the ribs extend up to the floor level throughout each 
entire span. 

The curtain walls between columns in Fig. 70 were considered 
simply as a bracing system. The columns were designed to carry 
all loads, but doubtless the curtain walls help to distribute the 
total loading. In taking the loading for the arch rings, it was 
assumed that the loading from columns was equally distributed 
over 12 ft. of arch ring instead of having two loads concentrated 
on an arch ring 16 ft. wide. 
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of various kinds are shown in Figs. 61R, 64C, 67, 68 B, and in 
Chapter XIII. 

A typical unit-built handrail is shown in Figs. 79 and 80. 
This particular design was used on the viaducts of the Kansas 
City Terminal Railway Company. The * following description 
of the design and construction of this railing is taken from the 
Engineering Record, issue of Dec. 19, 1914: 

“The railing consists of a top and bottom rail set parallel to the pave¬ 
ment and grooved to receive the 3f in. by 5-in. spindles, which are set 



Courtesy of Horton Concrete Construction Co., Kansas City. 


Fig. 80 .— Unit-built handrail on Kansas City viaduct. 

truly vertical, regardless of the grade of the rails. For this purpose the 
tops and bottoms of the spindles are shaped to the required angle. 

“The panels between the hollow posts are usually 20 ft. long, but 
vary from 10 to 22 ft. The bottom rail rests on blocks 3 in. above the 
floor to give a detached appearance. Both rails extend into the post 
beyond the post shell. Projecting reinforcing rods in the rails entering 
from the high side, bond with the green concrete subsequently filled into 
the posts, but an expansion joint has been secured on the opposite and 
ower side of the post by wrapping the rail ends in tar paper. 

A basket reinforcement of four |-in. rods wrapped with No. 2 wire 

c nth hoc ... 
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held down by a wire embedded in the cap during its construction. This 
wire was forced down into the soft concrete after the shell was filled. 

“Separate members were cast near the slab plant used to construct 
the large units for the subways, as described in the Engineering Record 
of Aug. 30, 1913, page 288. A pug mill, steam house, and gantry crane 
comprised the equipment. The pug mill was used to obtain uniformity 
of mixture, as mortar in it could be observed and the foreman was relied 
upon to obtain the proper consistency. Wood forms were employed to 
prevent craze and sand marks. In cold weather the steam house facili¬ 
tated setting, while in summer 45 minutes in the steam retarded setting 
a sufficient amount to avoid crazing. The aggregate consisted of 1 part 
cement, 2| parts Kaw River sand, considered exceptionally good, and 1 
part of crusher-run soft native limestone passing a f-in. mesh. All 
measurements were made by hand in a 1-cu. ft. box. 

“The rails were turned upon a sand cushion 24 hours after being 
poured. The posts were cast at three separate pourings so that shrink¬ 
age would not crack them at the points of top and bottom enlargement.” 



CHAPTER X 


CONSTRUCTION OF ARCH BRIDGES 

No attempt will be made in this chapter to describe at length 
the character of the materials required for concrete; the kind of 
lumber to use for forms; the types of forms for ordinary column, 
beam, and slab construction; the methods of bending and placing 
reinforcement; the proportioning, mixing, and placing of con¬ 
crete; the finishing of concrete surfaces; or the various methods of 



Courtesy of Mr. Daniel B. Luten, Consulting Engineer , Indianapolis. 

Fig. 81.—Harford Avenue bridge over Hering Run, Baltimore, Mil. Showing 
method of construction of arch ring in longitudinal .sections. 


waterproofing. These subjects are all treated in detail in Volume 
N- Special consideration, however, must be given in this volume 
to the methods of arch construction; the centering for arches; 
and the forms for spandrel walls, piers, and abutments. 

53. Arch-ring Construction— Arch rings with span lengths less 
than about 90 ft. are usually constructed in longitudinal ribs 3 or 
4 ft. wide (Figs. 81 and 82), or in fact of such width that one 
entire rib can be poured in approximately 1 day’s time. In 
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narrow arches the entire arch ring is sometimes poured at one 
operation. This method of construction has been successfully 
used for much greater spans than 90 ft. but, unless special care 


,'D 



Fig. 84. Fig. 85. 


is taken to make the centering very stiff, the construction of any 
one rib may deform the arch center to such an extent as practi¬ 
cally to strike the center under the completed ribs. Of course, 



Courtesy of Mr. Daniel B. Lutcn, Consulting Engineer, Indianapolis. 


Fig. 86.—Concreting longitudinal rings, 50-ft. span, Plymouth, Mass. 

the ribs should be poured continuously from each abutment to¬ 
ward the crown so as to obtain a symmetrical loading on the false¬ 
work and thus eliminate distortion of the centering as far as 
possible. 










Courtesy of Mr. Charles W. Cole , City Engineer , Mishawaka , lYiot 

Fig. 87.— Construction view of North Michigan Street bridge, South Bend, 

Indiana. 



Courtesy of Mr. Charles W. Cole , City Engineer , Mishawaka, Ind. 

Fig. 88.— Construction view of North Michigan Street bridge, South Bend, 

Indiana. 


















For spans of 90 ft. or over it is usually preferable to construct 
an arch ring or arch rib by what is known as the alternate block 
or voussoir method. The arch is constructed in transverse blocks 
(Fig. 83) of such size that each block can be completed at one 
pouring, or with about a day’s work. Obviously this method 
reduces shrinkage stresses in the arch ring to a minimum. 



Courtesy of Mr. Charles W. Cole, City Engineer, Mishawaka, Ind. 

Fits. K9.—Construction view of North Michigan Street bridge, 

South Bend, Indiana. 

For the best results the blocks should be poured in such order as 
to give a uniform settlement of the centering, and also prevent the 
crown of the arch from rising as the lower arch loads are placed. 
If blocks close to the crown section are not placed before the blocks 
at the haunch and springing sections, the centering will rise at the 
crown and the nlacina of the crown loads will be likely to cause 







cracks at the middle of the haunch. Even in the construction 
of an arch by the longitudinal rib method, a temporary loading 
of the crown is often necessary. 

The order followed in the construction of the Philadelphia and 
Reading R. R. bridge across the Delaware River at Yardley, Pa.— 
an earth-filled bridge with clear span of 90 ft. 9-in—is shown in 
Fig. 84, the sections being concreted in the alphabetical order 
shown. The section D is the keying section, and the section E 
a haunching section (quite unusual construction) which was added 
after the lower portion of the arch ring was completed. The part 
of the arch ring close to the springing lines was placed monolithic 


Courtesy of Mr. Charles W. Cole, City Engineer , Mishawaka, Ind. 

Fig. 90. —North Michigan Street bridge, South Bend, Indiana, lteinforce- 
ment supported in place. 

with the piers and abutments, making what is called an umbrella 
form for the piers. In large arches this umbrella type of con¬ 
struction is frequently adopted. The pier forms in such cases 
are more expensive, but this increase in expense for the piers is 
usually more than offset by the saving in the falsework for the 
arch ring. 

Fig. 85 shows the method of constructing the Larimer Ave. 
bridge at Pittsburgh—a bridge of the open-spandrel type, with 
two ribs, having a clear span of approximately 300 ft. The 
blocks were placed in alphabetical order and later the keys be¬ 
tween them were concreted to make the closure. 
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In constructing an arch rib or arch ring by the alternate block 
method the individual sections or block spaces are closed off 
at the ends by timber bulkheads. On the steepest slopes of the 
lagging these bulkheads adjoining keying sections are held in 
place by temporary struts between voussoirs. A top form is 
usually needed for the block sections near the piers and abut¬ 
ments. This top form should be laid up as the concreting 
progresses. Fig. 86 shows a top form being used in the con¬ 
struction of an arch ring by the longitudinal rib method. 

If arch reinforcement for large arches is put in place in long 



Courtesy of Mr. Charles W. Cole , City Engineer , Mishawaka , Ind, 

Fig. 91,—North Michigan Street bridge, South Bend, Indiana. Reinforce¬ 
ment in place held by overhead timbers. 


lengths, the settlement and deformation of the centering during 
the pouring of the concrete will cause buckling of the steel which 
will prevent the reinforcement from lying in its theoretical posi¬ 
tion. For this reason steel lengths should not exceed about 30 ft. 
and the splicing should occur in the keyways. An effort should 
be made to stagger the splices of adjacent rods and to locate 
the splices where the tension in the steel is a minimum. 

Figs. 87 to 92 inclusive show the reinforcement in place in the 
North Michigan Street bridge at South Bend, Ind. The lower 
steel was wired together and blocked up as shown in Fig. 87; 
props were then erected for the upper steel (Figs. 88, 89, and 90); 

fl.ft.Ar which the i a.orrm n.l rnrls wat*a rdocorl T^c+^^l 1- 1 






out these blocks and spacing boards as the concrete was brought 
up (a method sometimes followed), all the wood used in erection 



Courtesy of Mr. Charles W. Cole, City Engineer, Michawaka, Ind. 

Fig. 92 . —North Michigan Street bridge, South Bend, Indiana. Concrete 
being put in place. 



. 9^- Arch reinforcement held in place by being wired to transverse 

timbers supported above the surface of the finished concrete. Bridge of 
Luten Design, 


was removed before concreting was started and the system of rods 
was held in place by being wired to transverse timbers supported 
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above the surface of the finished concrete (Fig. 91). By this 
method the likelihood of disturbing the steel during the pouring 


Courtesy of Mr. Daniel B. Luton, Consulting Engineer , Indianapolis. 

Fig. 94. —Bridge over Saskatchewan River at Saskatoon, Canada. Placing 
reinforcement in arch ribs. 


Courtesy of Mr. Daniel B. Luten , Consulting Engineer , Indianapolis. 

Fig. 95.—Bridge over Saskatchewan River at Saskatoon, Canada. Rein¬ 
forcement in place on one of the arch ribs. 

of the concrete was reduced to a minimum and, of course, there 

4._ -n j-i- 
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Courtesy of Mr. Darnel B. Lufm. AWl.n, ., , 

Pig. 96.—Bridge over SiwkatHH'»v:.» {{jv. r ni S ,• , 
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ribbed open-spandrel arch bridge at Saskatoon, Saskatchewan, 
Canada. Two tracks were used for distributing materials, one 


Courtesy of Mr. Daniel B. Luten, Consulting Engineer , Indianapolis. 

Fig. 98. —Bridge over Saskatchewan River at Saskatoon, Canada. Placing 
concrete by hoist and chutes. 


Courtesy of Mr. A. P. Linton, Asst. Chief Engineer, Board of Highway Commissioners, Sask. 
Fig. 99A .“—Pneumatic mixing plant at bridge over Saskatchewan River, 
Saskatoon, Canada. View showing hopper for measuring gravel; tank for 
measuring water; method used in handling cement; pneumatic mixing 
machine; and pipes leading to discharge box. 

just above the spring line shown in Fig. 94, and another on top of 
















Courtesy of Mr. A. P. Linton, Ass't. Chief Engineer, Board of Highway Cotnmissi oners, Sank. 

Fig. 995. —Pipe line from pneumatic mixer at bridge over Saskatchewan 
River, Saskatoon, Canada. Notice discharge box. (Troughs* are not 
shown in this view.) 



Courtesy of Mr .^Daniel B. Luten, Consulting Engineer , Indianapolis. 

Fig. 100. Bridge over Saskatchewan River at Saskatoon, Canada. 
General construction view. 
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bridge was placed by compressed air; the remainder by hoist and 
chutes (Fig. 98). In Fig. 99A is shown the pneumatic mixing 
plant used in the construction of this bridge with pipes leading to 
discharge box on the upper material track (Figs. 97 and 99£). 
Troughs leading from the discharge box to the work are shown 
in Fig. 97 but not in Fig. 99 B. In Fig. 99 A should be noted 


Form-. 


Concrete 
Spacinq 
Block x 


iq"Extrados Reinforcement 
wired to stirrup 

"'Stirrup bent as shown 

. fj l/0 lntrados Reinforcement 

==• wired to stirrup 


Form-'' 


Fig. 101. 


the hopper for measuring gravel, tank for measuring water, and 
method of handling cement. A general view of the Saskatoon 
bridge during construction is shown in Fig. 100. 

The short radial rods in the arch ring, shown in Figs. 95, 96, 
and 101 were not looped around either upper or lower steel, 



Courtesy of Mr. Daniel B. Lutcn, Consulting Engineer, Indianapolis. 

Fig. 102. —Timber falsework and centering for arches. Bridge over 
Saskatchewan River at Saskatoon, Canada. 


but simply wired thereto. They were intended simply for 
framing. 

When steel ribs (either rolled sections or built-up lattice girders) 
arc used as arch reinforcement, great care should be taken to fix 
the ribs in the proper position, and in this position they should be 
braced until the concrete is placed. The use of such ribs is known 









54. Centering— The bent type of timber falsework (Figs. 102, 
103, 104, and 105) is the type of centering generally employed in 



Courtesy of Mr. Danid B. Luten , Consulting Engineer, Indianapilos. 

Fig. 103.—View of upper part of centering. Bridge over Saskatchewan 
River at Saskatoon, Canada. 


arch construction except where a deep gorge is to be spanned or 
where a large clearance under the arch is necessary while the 



Courtesy of Mr. N. S. Sprague , Superintendent, Dep't. of Public Works, Pittsburgh. 

Fig. 104. Centering for Meadow Street bridge, Pittsburgh, Pa. 


bridge is under erection. Timber arches, Howe trusses, and bow¬ 
string trusses are sometimes employed when it is impossible to use 
the bent type of centering, but these forms are expensive to build. 
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deform badly under loading, and have but small salvage value. 
(Fig. 106 shows a combination of the bent and Howe-truss types 
of centering.) Before using any of these types, consideration 
should be given to the use of steel centers (Fig. 107); or, in some 



Courtesy of Marquette Cement Mfy. Co. 

^ 1(1 ' 105. Cantering for (hum! Avenue viaduct, Milwaukee, Wis. 


cases, to the use of suspended centering (Figs. 108, 109, and 
110), if the writer may be permitted to refer in this manner to 
patented methods of arch construction. In some sneeinl cases 
















to curry a suspended arch form (<wilier with ihr .lead load (> f the 
wet concrete (Fig. 111). 


Courtesy of Mr. A r . S. Sprnyut, Sup* riutnuimt, !)• /»*f. *♦/ I'nhtt-' Ir»*r/ I’tttdmruh. 

Fig. 106.—Centering for Atherton Avenue}*r! 1 1 1 »:<• over Pittsburgh Junction 
H. H.. Pittsburgh. Pn. 


Courtesy of Mr. N. S. Sprayue, Siijurintnutmt. t*f I*ubhr t York;-, I'tU hnmh. 

lig. 107.—Steel centering for North Side Point bridge, Pittsburgh, Pm. 

Timber Centers. A simple and common form of timber center- 
ing for arches of low rise is shown in Fig. 112. 'Flic lagging hat 
not been placed at the time this photoirranh w « > c t • 1 1.* i ii m o- .. ^ wi /■ 
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o the joists for support,„g the lagging „ ere alread , , 

ihe jests, of course, extended from abutment to abutment and 
were supported by transverse bents of round timber resting on sills 
the full length of each bent. The falsework rested on the com 
Crete boor of a spillway channel so that mud sills, piles, or special¬ 
ly-constructed concrete footings were not necessar^. Wedges 



were placed at the bottom of the |x,stsso that the center might b 
lowered .conveniently after (lie areh ring was completed and read’ 
to near its loa.d. 1% 11 d shows a similar type of centering partb 
removed. I n ( lie const,ructing of this bridge, however, the wedge 
were placed at Mio ton of the nosts. n« r*nn a. 


wuwhuoj Mr. /'lulli> At,l,it, Civil Nn {/ in<rr, St. Louis. 

Flli - 1() «- C1 < mK|.rii«.<.i (, ii Vi«w of Oliiekalnmuny River bridge near Kiel 

mond, Ya. Suspended centering in plaee. 
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Timber centering varies so greatly in design to meet different 
conditions, that plans and photographs of a number of centers 
which have actually been built, with a few statements (quoted or 
otherwise) concerning each, will do more to give the reader a 
clear idea of this type of construction than any general descrip¬ 
tions which might be given. 

The centering used in the Third Avenue bridge at Cedar 
Rapids, Iowa is shown in Fig. 114. In a paper presented before 
the Western Society of Engineers, April 13, 1914, Mr. Barton J. 
Sweatt described the construction of this centering as follows: 

“The falsework for supporting the arches consisted of pile bents, the 
first bent being 6 ft. 6 in. from the face of piers and abutments, the 



Courtesy of Mr. Philip Aylett, Civil Engineer, St. Louis. 

Fig. 109.—Pre-casted voussoir method of arch construction. 


second bent 12 ft. G in. from the first, and the intermediate bents were 
14 ft. 6 in. centers. Oak piles were used and as a rule were driven to bed 
rock, the spacing was 6 ft. 0 in. for the three outside piles and 8 ft. 0 in. 
for the intermediate. The caps used were 12 in. by 12-in. yellow pine, 
false caps 6 in. by 10 in., joints 4 in. by 14 in., spaced 24 in. on centers 
and the lagging was 2 in. by 8 in. The proper curve for the intrudes was 
obtained by the use of 2-in. strips cut to the proper curve and tacked to 
the regular joists. Oak wedges were used between the main and false 
caps. These wedges were placed in pairs and spaced about I ft. apart. 
Small wedges were used under the cuds of the joists to bring them to the 
proper height. 
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Courtesy of the Strauss Bascule Bridge CoChicago. 
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camber and M in. for settlement after the centering was removed. The 
actual settlement of the crown after removing the centering was % in.” 

An article in Cement Age, March, 1912, describes the construc¬ 
tion of the centering shown in Fig. 115 in the following manner: 



Rochester^ Mr ' Skinner ’ Prin ‘ Ass ' L Engineer, Dep'l. of Engineeritbg., City of 

Fig. Ill—Bridge at Central Avenue, Rochester, N. Y. Structural rein¬ 
forcement and arch-rib forms in place. 


The centering for the arch consisted of four pile bents of four piles 
each, and two center pile bents of five piles each. These bents were 
capped, top of caps being elevation of spring line of arch, and four lines 
of 6 in. by 8-in. stringers were placed continuous from abutment to abut¬ 
ment, the ends, at elevation of the spring line bearing 4 in. on the concrete 

Citnfrvi n-n-fci A + ^±.1 _n. _ _i , . . .. 
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holes in the abutments filled with concrete. On these four lines of 
stringers were placed a set of pine wedges over each pile, there being 
four and five sets of wedges to each bent; 3 in. by 12-in. timber was laid 
on the wedges over each bent through the width of the arch. On these 
3 in. by 12-in. timbers, the arch bents were erected, each having four and 
five G in. by 8-in. vertical posts Y-braced, with 6 in. by 8-in. caps set edge¬ 
ways, top of caps 12 in. below intrados of arch. • On these caps were placed 
2 in. by 12-in. ribs, dapped to take square bearing on caps. These ribs 
were placed IS in. centers across the arch and were cut from timber of 



Fig. 112.—Common form of timber centering for arches of low rise. 


sufficient dimensions to make them lap over alternate caps. The ribs 
were covered with 2-in. planking to form the intrados of the arch. 

“A very simple and accurate method of laying out the ribs was used 
which consisted of laying out the full-size arch intrados radii on a level 
place near the bridge site. The timber for the ribs was, therefore, 
marked by a full-size drawing. Probably the most interesting feature 
of this arch centering was the simple straight work giving maximum 
strength and maximum safety in every respect at the lowest cost. The 
five steel floor beams of the old bridge were utilized to make an 18-ft. 
cleat opening of maximum height in the centering. This was econom- 
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purpose was to allow drift to pass through in ease of high water during 
construction.” 

Figs. 116, 117, 118, and 119 show timber centers similar to the 
one just described. 

A patented type of centering is shown in Figs. 120A, 120J3,120C, 
and 120D, known as the Luten arch centering (see Chapter XII). 
The idea in this center is to dispense with the usual wedges em¬ 
ployed in lowering the falsework. The top part of the uprights 
consist of two thin members with major dimensions transverse 


Courtesy of Marquette Cement Mfg. Co. 

Fig. 113.—Centering for arches of low rise, Grand Avenue viaduct, 
Milwaukee, Wis. 

to each other. These are arranged in the form of a T-column, 
and wired together at frequent intervals. Each member sepa¬ 
rately is made too light to carry its loading so that clipping the 
wires permits each member to buckle, which lowers the center. 
Fig. 120 j 5 shows the first stage in construction. The joists are 
nailed to the uprights which consist originally of only one 
member each. The transverse members of the uprights are then 
added to form the T-columns. The V-bracing is put in posi¬ 
tion after all the joists and uprights are in nlac.p 














AH Batter Posts- 4"x 6 (/ Y.P. Timber 
Arch Bibs - 2 f/ x i2 ft Y.P. Timber 
Arch r/oorincf-2 f/ xiO ff Y.P. Timber 
Other Braces - 2 f/ x 6 l/ Y.P. Timber 
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Mr. W. W. Washburn in an article in Concrete-cement Age 
August, 1914, writes as follows in regard to the centering shown 
in Pig. 121: •„ 
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during construct inn, ThL opening was 2 \ ft. vertically above average 
water level and 3S ft. wide. Protection pile- on each side of the passage- 
way were necessary, consequently tin* total span of the opening in the 
arch centering was VJ ft. To carry the load over this opening nine 
30-in., 200-lh. I-beams were u-ed. The-e I-beams will he used in the 
construction of other bridge-. 

“Longitudinal bracing was arranged >o a> to counter, as inueli as 
possible, ilu- ‘bucking up' tendency of the centering at the crown as the 
arch was concreted. On account of the arch being skewed, special 
study was given during the placing of braces, etc., so as to tnkccareoi all 
side thrusts. Struts were placed diagonally between bents at right 



angles. Spacing of centering piles was such that no pile received a, load 
of over 12 tons.” 

Timber centering for a bridge over railroad tracks at hall River, 
Mass., is shown in Fig. 122 and described in Kngineering Record, 
issue of April 2(>, 1912, as follows: 

“In building tin* arch centering it was necessary to provide for 
certain requirements that necessitated a design similar to the one shown 
in the accompanying drawing. 

“These requirements railed for an overhead clearance of 1<S if. at a. 
point .11 ft. 3 in. from the property line, a dear span of 10 If. between 
inside vertical posts, and a minimum clearance oj lf> if. Irom the fop of 
rail to the under side of tin* truss. The work had to be conducted with¬ 
out interruption of train service. The uprights supporting the centering 




i'Quarter round ... S't 'Triangular Strip 



120.4. Centers of Luten Design for Cieott Street bridge over Wabash River, Logansport, Ind. 
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Fig. 120i?.—Luten arch centering. 
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was used over the entire arch ring. The centering was designed for a 
deflection equal to one eight-hundredth of the spun.” 

In the construction of the Haights Hun bridge shown in Fig. 
83 the two arch ribs were constructed in sect ions and each section 
cast at one operation. The false work consisto< 1 of 1 >raccd timber 
posts supporting I-beams which carried the lagging for the arch 
ribs. All adjustments for the arch rib were' made by wedges 
immediately under the I-bcams. Two bents of posts of the false 



Fig. 120D.—Luton arch centering. 


work were located under each section of the arch rib, and located 
so that the center of gravity of the section fell between the posts 
which were braced together like a single tower; thus each section 
of the rib was independently supported and adjusted. In de¬ 
signing the falsework no soft lumber was subjected to cross-grain 
compression, hard wood being used for sills and caps. Posts and 
bracing were of yellow pine. 

Figs. 123A and 12313 show the type of arch centering ^ 





















constructing a three-ribbed arch on the Mississippi Kivcr Boule¬ 
vard, St. Paul, Minn. Boxing for the ribs is also shown. 

In Figs. 124A and 1242? a bent type of centering is shown, but it 
should be noted that the portion of the center above the post 
caps (which were placed at about the level of the springing line) 
was framed and erected in a similar manner to a trussed center. 
The additional carpenter work required on this type of centering 
over the ordinary bent type is likely to make this form uneconom¬ 
ical, except perhaps in special cases. 

■ Posts in timber centering have sometimes been placed approxi¬ 
mately normal to the arch soffit, but such instances are quite 
rare. Since specially-constructed footings are necessary for 
inclined members, this form of center may be used economically 


Z v Sheathing 



only when rock or other suitable foundation lies near the ground 
surface. 

Sand boxes have been used to a very limited extent in this 
country in place of wedges for the striking or lowering of arch 
centers. These boxes have given satisfaction in most instances, 
but great care must be taken to keep the sand dry while the arch 
ring is being constructed. This type of lowering device is ex¬ 
pensive, but the extra first cost may be offset in large arches by 
the high cost of striking wooden wedges. 

The chief disadvantage of using sand boxes lies in the fact that 
the sand will compress as the weight on the centering increases. 
The amount of this compressibility is considerable, greatly in¬ 
creasing deflection unless the sand is put under an initial com¬ 
pression, which is seldom feasible. 
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A sand box used in the main arch of the Kdmondson'Aven,,* 
bridge, Baltimore, is shown in Fig. 125. The center was lowered 
by allowing the sand to rim out through a 1-in. circular hole in 
the oak bottom of the steel-plate cylinder. This hole was closed 
by a wooden plug while the centering supported its load. " A dis 
advantage in the use of sand boxes lies in the fact that the oen' 
tering cannot be raised before the arch ring is poured in order to 
adjust the top members to the curve of the arch intrudes 

. , L the desi « n of Iar S e ar ch centers an uncertainty exists reaard- 
mg the pressures from voussoirs placed on the steepest portions 
the lagging Either of two assumptions are usually made as to 
the forces acting on the centering due to the weight of such Vou S 
sows. In the common method of design, the assumption is made 


i’x4 s 
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too, rigidity is quite as important as strength, so that all things 
considered, close figuring is out of the question. Obviously the 
weight of centering may be omitted except for high arches. For 


Fig. 124.4 .—Centering for High Street bridge, Hamilton, Ohio. 

the method of designing lagging, joists, and posts see Art. 88, 
Volume II : 

As a rule, only hard wood should be used for caps and sills, 


Fig. 124 B .—Centering for High Street bridge, Hamilton, Ohio. 

although long-leaf pine may be sufficiently hard in many cases. 
Wedges, however, should be made of hard wood without exception. 
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Fig. 125.—Sand box. 
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cos of a steel center ig e or expensive. Undoubtedly the 
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units as part of a regular contractor's equipment, the steel center 
may be used with economy even in ordinary construction. 

It is generally recognized that there are some well-defined ad¬ 
vantages in using three-hinged arch centers. In the first place, 
the crown deflection using steel centers is usually much less than 
that obtained by employing timber falsework. Furthermore, 
it is possible to compute the deflection of each point of a steel 
center with some degree of accuracy while, in the case of a wooden 
center, the probable settlement at each bent is pretty much a 
matter of guesswork. Steel centers also have the additional ad- 



Courtcay of Mr. N. S. Sprague, Superintendent., Dcp't. of Public Works, Pittsburgh. 

Fig. 120.-—Stool writers for North Side Point bridge, Pittsburgh, Pa. 


vantages of allowing an obstructed opening for railroad or other 
traffic and of eliminating danger from flood and ice in the con¬ 
struction of arches over streams. The advantage of allowing the 
deflection to be quite accurately computed makes it possible 
to give the centers a preliminary camber so that when the con- 
cre te is in place and the centering withdrawn, the arch ring will 
assume its true position. 

One disadvantage of using steel in arch centering lies in the fact 
that it is materially affected by temperature changes. For this 
reason, in constructing large arches, only the alternate block 








xxie s>iieei centering used m constructing tho 
filled arch structure which carries Atherton Aven e the T ^ 
Pittsburgh across the four tracks of the Pennsyf'T f 7 ° f 
is shown in Fig. 127 . This cent win* f,i • '; y , uiu Railroad 
Steel Construction Company ** Bkw 
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and were supported on framed trestle bents nh ed ^ 

Pier faces. Sufficient trusses were at first e,! f t d ° Se t0 the 
half the width of each arch™ ° DC ' 

^“T PlacedfoX S2 
tract' S °fth e a 10 ] 1 centering are described i^En^neeringandc*^ 6 

tracting, issue of February 19 , 1913 , as follows: 
idea^bei^to have a bent-pos^under^each^rch^rib^^oti tl™ l^t’ 

P %t Ti ^t d ° lly f faStened °^e bentXf ***' ** 

was accomplished m' fXw- th ®' Second half of the arch 
alongside the dollies, and aTtmftl J Up ° n the b ent-caps 
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other so as to give a strinffinf f nter Was Iowered ahead of the 
lowered into the dollies the whole^er’^ . laSB “ fr When 
on the dollies, until it rested on tv ,a • ‘ 8 s uf ted sidewise rubbing 

half of the arch. The jSstern then ^ the ™ d 

bents and the center mised and the bWt ^ , ° ° apS of the se cond 
steamboat ratchet was used to null th ^ Wedges inserted - A 

men working 8 hours shifted a Lt 'T* the dollies - 
connecting the opposite ends of the vh * ncicientall y the tie rods 
across, to provide a most convenient bri ll Tfl f ° Und ’ when Phmkecl 
shifting and adjusting the centers. * ^ the Workmen engaged in 
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Symmetrica/ about Center Line-- 



_ l£ u x J2 n Oak 

Supporting Beni - for Steel-Truss Cenferi 
Fig. 127.—Steel centering for Atherton Avenue bridge, Pittsburgh, Pa. 
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and cut off after the centers were struck. The base plates of the 
columns rest on cast-iron wedges which in turn rest on I-beam grillages, 
footing on the afore-mentioned concrete projection. Between the 
column base and the projection, 10-ton screw jacks are interposed to 
aid in the alignment and leveling of the centers; they are allowed to 
remain in place, though the load passes directly to the wedges which 
are used for striking centers. A U-shaped clamp, made of a 1-in. bolt 
(not shown in the drawing), is passed around each pair of wedges to 
prevent any possible lateral motion. A similar bolt is used for the 
same purpose higher up on the main column.” 



Courtesy of Mr. Philip Aylett , Civil Engineer , St. Louis. 

Fig. 130.—View of Chickahominy River bridge during construction. 
Key spaces have just been filled with concrete. Forms are being taken off 
rib in order to hasten setting of concrete. 

The unique feature in the steel centering used in constructing 
the Tunkhannock Creek viaduct on the relocation of the Dela¬ 
ware, Lackawanna, and Western Railroad was an adjustable 
panel at the crown of the steel arch trusses. A detailed descrip¬ 
tion of these trusses and their erection may be found in Chapter 
XXXII. 

The Cummings-Watson system of steel arch centering is shown 
in Fig. 129. The centering consists of triangular units, pin- 
connected at their apices, and with extra adjustable members 
which serve to connect the units and at the same time serve to 
form the lower chords of the arch trusses. 












Suspended Systems .—Suspended systems of arch construction 
refer only to arches of the ribbed typo. 

The Aylett System (patented ) 1 of suspended centering p re 
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arch structure.) Another Aylett method of arch construction is 
shown in Fig. 133, known as the prc-castcd voussoir method. 

A patented system of arch erection without falsework, origi¬ 
nated by Mr. J. B. Strauss and tried out in the construction of a 
bridge over the Kiswaukee River near Belvidere, Ill., in 1906, is 
illustrated in Fig. 110. Voussoir forms are made of reinforced 
concrete in sheet-metal molds (Fig. 134). After these forms are 
raised to position they are held in place by suspension rods which 
pass over A-frames supported on top of the piers and anchored by 
means of steel rods. The concrete forms when self-supporting 
form an arch trough in which the reinforcing steel and concrete 



Courtesy of Mr. Philip Aylett , Civil Engineer , St. Louis. 

Fr<;. 132.—View of completed Chickahominy River bridge near 
Richmond, Va. 


are placed. The concrete forms are designed to safely carry 
their own weight and the weight of the concrete deposited therein. 
(Fig. 135 shows the completed Belvidere bridge.) Fig. 110, pre¬ 
viously referred to, shows a traveller on falsework used in con¬ 
nection with the construction of the Belvidere bridge. This is not 
the way, however, that the Strauss System is intended to be used, 
since the particular object of the construction is to avoid any 
falsework whatever in the stream. In the erection of the Belvi¬ 
dere structure it was impossible to procure a cableway in time to 
start the work, and the traveller method was used on that 
account. 

T) -__x * £ _ _x~_i _x_ x _ _ j.1-_ 










arch rib forms are shown in Figs. Ml and ld<>. Tlie.se trusses 
were designed to carry the weight of the arch forms together 
with the dead load of the wet concrete, both as to tension and 
compression, the result being that the steel reinforcement of the 
arches was stressed by the weight of the forms and wet concrete 


//ore: /oussofrs are suspended and coupled together at floor fcvel on both 

abutments, L and /?, simultaneously. As the resulting ’voussoir • chains grow 
in length, link by /inHr, they descend to junction at crown of arch 
Final adjustment and keying of entire arch-rid then proceeds 




before the concrctcM)I)t.iUii(‘(I its set. In tin* finished st metlire the 
reinforcement was also considers 1 to do its slum* in carrying the 
live load. 

In Fig. Ill a wire mesh is shown on t heoutside of t Ik* outer line 
of arch ribs. This was stiffened by means of small vortical rods 








and supported from the steel arch trusses at a distance of 2 
in. from the face form. The white Portland cement and 
crushed granite aggregate were carried up next the form and' 



Courtesy of the Strauss Bascule Bridge Co. } Chicago. 

Fig. 134.—■Voussoir forms used in the Strauss system of bridge construction. 


outside of this mesh, a little ahead of the gray Portland cement 
concrete in the body of the arch. The mesh of the wire screen 
was large enough to admit stones from the granite aggregate 
passing through, but too small to allow the gray limestone of 













the main aggregate from passing outward toward the face. 
The advantage of this construction was, of course, the carrying 
' up of the two masses simultaneously, and did not require the 
pulling of an intermediate form with the consequent dislodg- 
ment of material and breaking of the bond between them. 

Figs. 136 and 137 show that the upper chords at the ends of 
the arches were each connected by two tension rods'. Boxes 
of clay were arranged back of the nuts of these rods, so that in 
case of any lengthening of the arches the rods would slide through 
their bearings, but would come into action in tension under 
heavy loads. 

Figs. Ill and 136 show also working platforms suspended from 



Courtesy of the Strauss Bascule Bridge Co., Chicago. 


Fig. 135. —Bridge over the Kiswaukce River near Bolvidere, Ill. Built by 
the Strauss system. 


the steel arch ribs. The reason for suspending these platforms 
rather than building up falsework may he situ in Fig. Ill, where 
high water is passing under the bridge and a low power dam 
crosses the river 10 ft. upstream. A 98-ft. fall also occurs a 
few hundred feet downstream. Fig. 138 is a view of the com¬ 
pleted structure. Incidentally it might be stated that the 
floor has a 2-ft. camber in its entire length, the ends of the 
structure being at the same elevation. 

66. Forms. Forms for piers and walls are usually con¬ 
structed of either 1-in. or 2-in. plank nailed to studs and held 
by horizontal waling pieces, with tie bolts extending across the 
pier or wall between opposite wales. The wales, which consist 
generally of two planks fastened together but separated by 








Courtesy of Mr. John F. Skinner, Prin. Ass’t. Engineer, Dep’t. of Engineering , City of Rochester. 

Fig. 136.—Bridge at Central Avenue, Rochester, N. Y. under construction, 











spacing blocks, are set edgewise against the form studs and the 
tie bolts are carried through the openings which occur in the 
waling pieces. Wire is sometimes used for bracing and is 
tightened either by wedges or by twisting. The wire pulls 
against spreaders which are inserted between forms and which 
are removed as the concrete level rises. As in most form work, 
bridge forms are either erected in sections of a size for easy 



Courtesy of Mr. John F. Skinner, Prin. Ass*t. Engineer, Drp't. of Enyinccrinu, City of 
Rochester. 

Fig. 137.—Bridge at Central Avenue, Rochester, N. Y. under construction. 


handling or built in place (Fig. 139). Forms of small height 
may be braced by only battered posts outside. 

Where bolts are employed in pier and wall construction, a 
number of different methods are used for withdrawing the bolts. 
One method is to cover each bolt with old pipe cut somewhat 
shorter than the inside dimensions of the forms, and to place a 
wood washer at each end of the pipe. When the forms are 
taken down, the bolts are easily drawn out of the pipes, the 
wood washers are then cut out of the face of the concrete, and 
the holes pointed up. Another method is to make the bolts 



















in three pieces, with the middle piece occupying the same posi¬ 
tion between the forms as the pipe above described. This middle 
section is connected with the end pieces by means of ordinary 
unions. When the concrete has set sufficiently, one turn re¬ 
leases the end sections and the holes left in the work are plugged 
with mortar. 

The following specification for the construction of forms is 



Fig. 139.—Constructing pier of Main and High Street bridge, 
Hamilton, Ohio. 

taken from the “Specifications of the Pinev (Yeek concrete 
bridge, Washington, D. (V’ 

“All forms for all classes of concrete shall ho closely laid and strongly 
braced. The contractor shall, before proceeding with the work, submit 
drawings of the forms to the engineer for his approval. All lagging shall 
be tongue-and-grooved, and the studding for all tin; work shall be 
dressed or sawed to an even thickness. All forms, except by the consent 
of the engineer, shall be held in place by means of bolts, so made that 
the outer 3 in. of the bolts can be removed after tin* forms art* taken down 
and the remaining holes shall be filled with mortar. If J-in. lagging is 
used, the studs shall not exceed IS in. on centers; and, if 2 in. by 8-in. 
studs are used, the wales shall not be less than <S in. by S in. These 
wales on a basis of 2 in. by 8-in. studs shall not be farther apart than 













8 ft., nor shall the bolts which hold them and which have diameters of 
J in. be farther apart than 8 ft. 

“If lagging, studs, wales, or bolts are proposed by the contractor other 
than those described herein before, they shall be such as to make a form 
of equal strength and stiffness to that described. 


Courtesy of Lehigh Portland Cement Co. 

Fig. 140 .—Construction view of Eighth Street viaduct, Allentown, Pa. 

“ Washers shall be used under all bolt heads and nuts, and, before 
proceeding with the concrete work, forms shall be brought true to line 
and grade, and all bolts shall be taut.” 

Where especially good work is desired, forms are lined with 
galvanized iron. For high piers or walls, the forms are con¬ 
structed in large panels. After the concrete has been con¬ 
structed to a proper height and the last course has set several 
days, the panels are disconnected and hoisted to a higher posi- 
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Courtesy of Mr. Daniel B. Luten, Consulting Engineer , Indianapolis. 

Fig. 142.—Centering and curved pier forms used in bridges of Luten Desigi 















the Pennsylvania It. It. tracks in Pittsburgh, the forms for the 
curved ends of the piers were built of 1 in. by 2-in. strips nailed to 
horizontal segmental wales. These wales were nailed to the 
wales of the side forms. The rounding forms were kept in place 
by wiring to dowels set in the foundation concrete. Before 
starting the erection of the form work, a flexible panel was made 
by nailing galvanized-iron sheets to the 1 in. by 2-in. strips. 
This panel was bent against the wales, which acted like hoops. 



Fig. 143.—Detail view of curved pier forms. 


Curved pier forms used in bridges of Luten Design are shown 
in Figs. 141, 142, and 143. Fig. 144 shows the wiring of the 
forms to prevent spreading. Fig. 145 shows the pier form re¬ 
moved, and Fig. 146 shows it set in place for use in construct¬ 
ing another pier end. 

In the bridge shown in Fig. 147 the pier starlings were con¬ 
structed of granite from an old bridge. Pilaster forms are seen 
resting on the upper course of stone. 

The common form of longitudinal bulkhead used in arch ring 













Fig. 145.—Curved pier form removed. 
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arches are either built on top of the arch ring (Pig^gf 
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pleted arch ring (Fig. 150). Forms for spandrel walls of the 
latter class are shown in Figs. 151 and 152. 

Prepared sheet metal forms are often employed for special 



Fig. - 148.—Longitudinal bulkhead used in arch-ring construction. 


work such as cantilever beams, capitals on spandrel columns, and 
other small projections. These sheet metal forms are fastened 
to the wood forms at successive positions. 



Fig. 149.—Spandrel wall forms used in constructing the Yardley bridge, 
Philadelphia & Reading Ry. Co. 


The railing or balustrade of Greek cross panels shown in 
Fig. 153 was cast in units on a horizontal plane. Cement Age, 
issue of March, 1912 describes the construction of the panels of 
this balustrade as follows: 













^ C. Giffels. 












Courtesy of Waddell & Harrington , Consulting Engineers , Kansas City, 

Fig. 153.—Cleveland Avenue bridge, Kansas City, Mo. 



Fig. 154. 































Fig. 155. 


Fig. 156. 
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on two horses or bents, about 3 ft. above the work floor level. The form 
was then filled with water and allowed to soak over 1 night. The 
following morning the water was let out; the form cleaned and re¬ 
levelled; | in. of concrete was put in bottom and well tamped with small 
hand tampers; one set of reinforcing wires were placed; 3 in. more 
concrete was put in, well tamped; a second set of reinforcing wires was 
then placed; concrete finally finished to the top and struck off with a 



Fig. 157. 


straight edge run over top of outer railing and triangular blocks, all of 
which were made the exact thickness of the panel. After the concrete 
was sufficiently set the top was finished with smoothing trowel. Con¬ 
crete in the panel was allowed to stay in the form undisturbed 3 
days; the outer railing of the form was then removed and the base to 
which the triangular blocks were bolted and on which the concrete was 
resting, was set up on edge, the panel, resting on a piece of timber on the 
ground. The blocks were then unbolted from the base and the base 




removed. Forty-eight hours from the time the base was removed th* 
triangular blocks were withdrawn from the concrete panel hv t \ • 
one-half of the block out from one side and the o^Sf 
opposite side the slight bevel and shrinkage of the blocks allowed^* 
to be removed without injury to the edges of the concrete.” 



Fig. 158. 
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CHAPTER XI 


THREE-HINGED ARCHES 

56. General Discussion.—An arch with three hinges is static¬ 
ally determinate and consequently can be analyzed much more 
readily for a given loading than is possible in the case of a fixed- 
ended or solid arch. Furthermore, three-hinged arches do not 
need to be analyzed for temperature changes, the hinges allowing 
contraction and expansion of the ribs without causing any stress 
throughout the arch. Obviously this statement does not take 
into account the effect which results from friction on the hinges, 
but such effect is usually considered to be negligible. Whether 
or not hinge friction is likely to cause appreciable error in the 
analysis of three-hinged arches is still a matter, however, in 
regard to which there seems to be a decided difference of opinion. 

Three-hinged arches are especially adapted to sites where 
abutments and piers must be founded on compressible soil or on 
piles. The hinges permit of considerable settlement without 
failure of the arch or without causing the huge cracks which are 
sure to develop in a fixed-ended structure under like conditions. 
Of course, a solid arch may be designed on the assumption that 
the abutments are yielding, but this is rarely done and such 
computations in any event could not take into account such 
settlement as might come from an unexpected source. 

Hinges in arch-bridge construction are likely to be an expensive 
detail, especially in short-span structures. The claim is made, 
however, that in arches of large span, the saving in concrete as 
compared with the fixed-ended type much more than pays for 
the hinges. 

It is generally admitted that the three-hinged arch is usually 
awkward in appearance and has not the graceful form that is 
characteristic of the majority of the solid arch structures. This 
lack of artistic proportions is caused by the increased thickness 
at the haunches, and cannot be avoided in economical design. 

57. Methods of Analysis.—Three-hinged arches should be 
analyzed for at least the same conditions of loading that are 
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Since the moment at the crown hinge is zero 

V A h - H A f - P(h - a) = 0 

These four equations may be solved simultaneously to obtain the 
horizontal and vertical components of the two reactions. 

The calculations may be simplified by resolving each reaction 
into a vertical force and a force in the direction of the closing 
chord (Fig. 160). The four equations in this case are as follows 
(since Ii A = H B from Fig. 159): 

IT + IT - 2P = 0 
H x - H 2 = 0 
- IT l + 2 Pa = 0 
Vih - 2o x P(Z: 1 -a) -H ir = 0 
or VA - 2 0 Zl P(li -a) - H A c = 0 



(The values of V' have not been considered in the first equation 
as they are equal and opposite in direction.) With the com¬ 
ponents of either reaction determined by these equations, the 
line of thrust may be drawn throughout the arch as described in 
Art. 12 for the arch with fixed ends. 

It should be noted that the values of V x and IT may be ob¬ 
tained from the above equations (or by using 2M = 0 at both 
points A and B) in the following form: 

Fi = | 2P(Z - a) 

7 2 = y 2Pa 


( 1 ) 

(2) 
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M = v lX ~ r 0 p( X _ 0) 

= M k ~ H A y ( 3 ) 
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M = M c - h a c = 
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c 


(4) 
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(For an arch of parabolic form, M = 0, and only axial stress 
occurs throughout the arch for full uniform loading.) With 
only one-half of the span loaded 
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or one-half that due to full loading. The bending moment at 
any point in the loaded half equals 

M = l wx(3l -4(8) 


and in the unloaded half 

M = g wlx - jg • — ‘ y (9) 

(In Equations (8) and (9), the value of x is measured from that 
end of the arch which is nearer to the point in question.) 


Ho Z 



A three-hinged arch is commonly analyzed for (1) dead and 
uniform live load over the entire span, (2) for dead and uniform 
live load over the right half of span, and (3) for dead and uniform 
live load over the left half of span. Full loading gives maximum 
stresses for the sections near the hinges, while the half-span load¬ 
ings give the greatest stresses near the quarter points of the span. 
The usual method of design is to locate the hinges at the proper 
points and to draw the force lines representing the load concen¬ 
trations. These loads can be determined quite accurately by 
making a complete design of the spandrels prior to the arch 
design and by approximating the weight of the arch ring—the 
arch ring, however, need not be drawn. The lines of thrust for 
the three conditions of loading stated above are then drawn as 
shown in Fig. 161. With the lines of thrust known, it then 
becomes possible to determine the correct thickness of the arch 
at any point and decide upon a suitable arch ring which, of 
course, should not differ appreciably in weight or position from 
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A flat lead plate has been used to a limited extent in three- 
hinged arch construction. A plate of this kind cannot be truly 



Courtesy of Mr. Wm. M. Thomas, Consulting Engineer, Los Angeles, Cal. 


Fig. 163.—Thomas Method of arch construction. 





Fig. 164. —Details of stone hinge. 

called a hinge, but does limit the line of thrust to a definite area. 
It should be used only for arches which are to be erected as three- 
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this form of erection be desired, and also eliminates the necessity 
for waterproofing which is a serious problem in the case of a 
solid filled arch. 


Courtesy of Mr. Wm. M. Thomas, Consulting Engineer , Los Angeles, Cal. 

Fig. 166. —Thomas Method of arch construction. 


Courtesy of Mr. Wm. M. Thomas, Consulting Engineer , Los Angeles , Cal. 

Fig. 167. —Thomas Method of arch construction. 

The Thomas Method of unit construction is shown in Figs. 
165 to 172 inclusive and the designing details in Fig. 178. The 
illustrations are self-exnlanatorv. 
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bO. Details of Design. —Fij 

details of three-hinged arches. 
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Fig. 168. 

The arch shown 
mud, Raymond co 
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Courtesy of Mr. Wm. M. Thomas , Consulting En¬ 
gineer , Los Angeles, Cal. 


I<xg. 170.—Thomas Method of arch construction. 



courtesy of Mr. Wm. M. Thomas, Consulting Engineer, Los Angeles, Cal. 

Fig. 171, Thomas Method of arch construction. 
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small amount of vertical motion at these points. A common 
type of centering was used in constructing the arch ribs in place. 
The cast-steel hinges were entirely encased in concrete after the 
centers were struck, a J-in. plate of sheet lead having been placed 
at the center of each hinge to allow the necessary motion of the 



Fig. 176. —Bridge over the Vermillion River at Wakeman, Ohio 


arch rib under live load and temperature stresses. In this way 
all possibility of corrosion of the steel hinges was avoided. 

What is believed will be the longest three-hinged concrete 
arch ever built is shown in Fig. 177. When completed it will 
be one of the show bridges of the United States. 

Fig. 178 gives details of the Thomas Method of arch con¬ 
struction already referred to in Arts. 58 and 59. 
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etc., panel points, counting from the haunches. All of these 
stresses were found graphically, and the members proportioned 
for the maximum conditions. The unit stresses used were 12,500 
lb. per square inch in compression, and 16,000 lb. per square 
inch in tension. No stress whatever was assumed to be taken 
by the concrete, as it was unlikely that the concrete near the 
haunches would be sufficiently set to take stress, by the time 
the ribs were finished. 

In the design of the arch ribs, which was next undertaken, 
the stresses caused by the construction of the columns and 
deck were considered as well as those due to live and dead loads 
on the finished structure. The columns were assumed to be 
built out from each pier, panel by panel, until the crown was 
reached; then the deck was assumed to be concreted; panel by 
panel, working from the crown toward the haunches. The stresses 
in the rib were found for each stage of the construction. For 
live-load stresses, five conditions were considered, as follows: 
First, live load on entire span; then each half of span loaded; next 
the two end quarters loaded; and finally the live load on the two 
middle quarters of the span. A maximum unit stress of 500 
lb. per square inch was used in the extreme fiber of the rib, and 
sufficient reinforcement was provided to keep the stress in the 
concrete down to this figure. In case the structural reinforce¬ 
ment at any point was not sufficient for this purpose, additional 
metal in the shape of bars was provided. The stresses and 
reinforcement required were computed at each panel point, 
and these bars were stopped off when not required. In case 
the computed amount of steel at any point exceeded 5 per cent 
of the gross area of the rib at that point, a redesign was made. 
It will be seen from the above that the structural steel rein¬ 
forcement takes stress in two ways: (1) that due to the weight 
of the plastic concrete in the ribs and braces, together with their 
forms; and (2) that due to the construction of the columns and 
deck, and to the loads on the finished structure. The first of 
these may be called an initial stress, which remains in the steel 
as the concrete sets. The second must be added to the first to 
get the total compressive stress in the steel. In this case the 
maximum possible compressive unit stress in the structural steel 
would be 12,500 lb., plus 15 X 500 lb., or a total of 20,000 lb. 
per square inch. As a matter of fact, the total unit stress was 
about 16,000 lb. per square inch. 



Transverse forces had to be given considerable attention, 
because of the fact that the high-water line comes part way up on 
the arch ribs. The pressure due to the water was taken at 200 lb. 
per square foot of each arch rib and column, and that due to wind 
at 30 lb. per square foot of vertical projection of the structure 
between high-water line and a line 10 ft. above the crown of the 
roadway. The braces were placed in vertical planes at the foot 
of each column, and were made as deep as the arch ribs allowed. 
A rigid analysis of the stresses in these braces would be difficult 
and tedious, as well as unnecessarily refined, considering the 
assumptions which had to be made as to the transverse forces. 
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they were assumed to be 
square with axis of arch 
rib as shown by doited lines 

Elevation 
Fig. 180. 


A method of computation was adopted which was comparatively 
simple, and which it is believed gives results reasonably close to 
the true ones. In order to be on the safe side, the braces and their 
reinforcement were made heavier than the calculations required * 
as this added but little to the cost of the structure. 

Fig. 180 shows the general arrangement of ribs and braces 
and the points at which the transverse forces were assumed to be 
applied. 

The transverse forces on the portion of the structure above the 
arch ribs was assumed to be transferred down the columns to the 
ribs and braces directly under them. None of these forces was 
assumed to be carried to the piers through the deck, because of the 



expansion joints in the deck at each pier and near the center of 
the span. There is no doubt, however, that a very considerable 
portion of these forces pass directly through the deck to the piers, 
which correspondingly relieves the bracing system. 

While the arch ribs were assumed to be hinged at the haunches 
and crown, rods were provided at these 
points which tended to fix them trans¬ 
versely. In other words, the arch ribs 
are three-hinged in vertical planes but are 
hingeless, or practically so, transversely. 

Fig. 181 shows half of the bracing 
system developed. The similarity to 
the columns and girders of an office 
building is apparent. 

Fig. 182 shows a portion of Fig. 

181 enlarged with the various forces 
acting on it, and the points of inflection 
indicated. 

From the three conditions of equilibrium—namely: (1) the 
sum of the horizontal forces must equal zero, (2) the sum of the 
vertical forces must equal zero, and (3) the sum of the moments 
about any point must equal zero—and knowing the external 



Fj = Tota! Shear 



forces Fi and Ft and all dimensions, the thrusts, shears, and 
bending moments in the various members are readily calculated. 

For example, the horizontal force Fi is the total of the trans¬ 
verse forces acting on the structure above the plane X — X 
where the forces F i are shown. F 2 is the total transverse force 
acting on one panel of the structure, and F 3 is the total shear at 
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Fa = Fi + F 3 (1) 

The vertical forces 3Fi, Fi, Fh, and 3F'i are those produced 
by the action of the horizontal forces acting above the plane 
X — X. Similarly, the forces 3Fa, F®, F'®, and 3F'® are those 
produced by the action of all horizontal forces above the plane 
Y — Y. The term “vertical” has been applied to the forces 
indicated in the figure as acting at right angles to the forces F h 
etc. These forces are, of course, not vertical in the structure, but 
act in the direction of the axis of the arch rib. 

For the sake of simplicity, let F 2 — Vi = Vz. Then from the 
second condition of equilibrium, 

3F 3 + Vz = V'z + 3F'a 

or F 3 = V'z (2) 

From the third condition of equilibrium, taking moments about 
point Z , 


Fibt + F z b 2 = 2 X 3 Vz X 3a + 2 X Vz X a 



Fig. 183. Fig. 184. 


Fig. 183 shows a portion of Fig. 182. As before 
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Fig. 184 shows the remaining portion of half of Fig. 182. 
The same equations apply here. 
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or 
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The maximum bending moment in the upper portion of the 


outer rib is 2 qFJ) 1} 


in the lower portion ^F 3 62 , in the upper 


portion of the inner rib and on the lower portion -^Fzb^ 

The maximum bending moment in the outer brace is 3F 3 a, and 
in the inner brace 4F 3 a. 

The hinge castings were designed in much the same manner as a 
cast column base. The area in contact with the concrete was 
determined by dividing the total load by 800 lb. per square inch. 
The diameter of the ball-and-socket joint was determined by 
dividing the total load by 20,000 lb. per square inch, which gave 
the projected area of the ball. 

The shears and moments on the ribs were then computed, and 
their thickness and that of the base determined. 

In the design of the piers, several stages in the construction of 
the spans were considered, as well as the conditions existing in 
the finished structure. 

For example, with the pier finished up to the roadway, the 
arch ribs and braces of one span (the longer) were considered 
as finished, but nothing was done on the adjoining span. Next 
the full dead load, exclusive of paving but including forms, was 
considered on the long span, and only the ribs and braces of the 
adjoining span finished. Then the finished structure was con¬ 
sidered, first with live load on the long span only, and second 
with live load on both spans. In each case the resultant force 


was kept within the middle third of the base. The uplift of 
the water was considered in each ease, the stage being taken as 
the top of the levee. 

No impact was considered in the design of the piers. 

Pier No. 2 was supported on timber piles driven into a mixture 
of sand and gravel overlying bed rock. This method was used 
instead of founding the pier on bed rock in order to reduce 
the cost, the amount of the appropriation being limited. The 
piles were not driven to rock in order to take advantage of the 
bearing of the pier base on the stratum of gravel, and also to take 
advantage of the friction to help resist sliding. The pier was 
protected against scour by sheet piling and rip-rap. 

Piles were assumed to take 20,000 lb. each and the remainder 
of the load was assumed to be carried by bearing on the soil at 
about 5000 lb. per square foot. 



CHAPTER XII 


PATENTS 

The number of patents that have been granted by the United 
States Government for improvements in reinforced-concrete 
construction has increased from a yearly average of three or four 
between the years 1890 and 1900 to about 150 per year at the 
present time—that is, not considering patents on concrete mixers, 
fence posts, and other minor structures. Undoubtedly some 
of these patents are worthless, impractical, and possibly invalid, 
but others unquestionably are of considerable importance. 
The mere granting of a patent does not establish its validity 
under the United States patent law, and many of these patents 
may be invalidated by litigation. In spite of this fact, however, 
the engineer has no right to consider any patent invalid unless 
he has positive proof to that effect. 

62. Patents in General. —The Constitution of the United 
States contains the following clause: 

“The Congress shall have power to promote the progress of science 
and useful arts, by securing for a limited time for authors and inventors 
the exclusive right to their respective writings and discoveries.” 

Under this provision of the Constitution, Federal statutes have 
been passed authorizing the issue of a patent to the original 
inventor of any new and useful improvement and granting to 
him the exclusive right to make, to sell, or to use the patented 
improvement for a period of 17 years after date of issue of 
the patent. The patent is, in effect, an agreement between the 
United States Government and the inventor of a new and useful 
improvement, whereby the Government grants to the inventor 
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invention for 17 years from the date of issue of the patent, 
in return for complete publicity of the invention. Under this 
agreement the inventor's reward is valuable or worthless as the 
invention proves valuable or worthless to others. If the inven¬ 
tion is one desired by the general public, the exclusion of others 
may enable the patentee to reap a rich reward; or if the inven¬ 
tion is worthless, the reward will be equally valueless. 

By means of patents, publicity for new ideas is encouraged; 
for the owner of a valid patent is secure for 17 years, 
after that the subject of the patent becomes public property. 
It is for this reason that the patent consists of drawings and 
specifications to make a complete disclosure of the invention, 
so that anyone skilled in that particular industry may reproduce 
it. In addition to the drawings and specifications there are what 
are called claims. These claims define the actual limits to the 
patentee's rights to exclude others. Without adequate protec¬ 
tion, there would be a tendency to suppress public information 
regarding new inventions, the inventor relying upon secrecy 
instead to gain his reward. The patent actually withdraws 
nothing from the public, but merely withholds for a limited time 
what otherwise might have been kept secret and perhaps lost 
forever. It must add to the sum of human knowledge, for in 
so far as it does not do that, it is to that extent invalid. All that 
is necessary to establish invalidity is to prove that nothing has 
been added to the sum of human knowledge by the patent. 
If it is plainly apparent to an engineer that a patent is invalid, 
the engineer should be able to so convince the court. 

Patents pertaining to reinforced concrete may be divided 
into two classes: (1) those that apply to improvements in manu¬ 
factured details, such as reinforcements, and which have been 
described in Art. 18 of Volume I and in Chapter V of Volume 
II; and (2) those which may more properly be calk'd engineering 
patents and which relate to improvements in the structure 
itself as, for example, the location of reinforcement, or the 
processes of erection. Patents on manufactured details develop 
a field for the sale of special types of reinforcement, the royalty 
being included in an enhanced selling price. In other words, 
this class of patents is used to promote the business of the manu¬ 
facturer rather than that of the engineer. The second class above 
mentioned is used more often by the engineer as a support for 
specialization in engineering, and the royalty is ordinarily 
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the patent drawings and include more, than is covered by the 
claims cited. The reason for this is clue to the fact that a claim 
is for an improvement while the patent drawings must show how 
to construct a complete working structure.) 





Claim 3. —The combination with abutments, and a concrete arch spanning the space be¬ 
tween the abutments, of a series of metal bars in pairs, one bar of each pair above the other 
bar, near the extrados and intrados of the arch, each bar of a pair being independent of the 
other, and one bar of each pair extending well into the abutment, substantially as described. 


Fig. 185.—Thacher patent. 


A somewhat similar reinforcement is shown in the patent to 
Arnold, No. 749,771, issued, Jan. 19, 1904, on an application 
filed Sept. 13, 1902. The bars are arranged in pairs, but bonded 



Cla!m 2.—In a bridge, an arch of concrete or other masonry, having embedded therein 
ribs, arranged one above but separated from each other and by the masonry and composed 
ot railroad rails or other iron, said ribs being bonded together by metallic straps wound 
around them and at intervals of the length thereof, substantially as described. 

Fig. 186. — Arnold patent. 

together by metallic straps as indicated in Fig. 186, thus differing 
from the Thacher patent in which the bars are claimed as inde¬ 
pendent of one another. 

Another modification of the Thacher patent is shown in Melber, 






No. 660,518, issued Oct. 23, 1900, on an application filed 
August 24, 1899, in which shear members cross diagonally from 
one reinforcing member to another (Fig. 187). 

The Parmley patent, No. 696,838, issued April 1, 1902, on an 



Claim 1 . —In cement or other concrete construction metal reinforcing bars, unattached at 
their ends to other metal reinforcing bars, embedded therein transverse to the calculated 
shearing strains. 

Fig. 187.—Melber patent. 

application filed June 4, 1901, differs from the Thacher patent in 
having the bars near intrados and extrados alternating with one 
another instead of being arranged in pairs (Fig. 188). 

A materially different form of arch reinforcement is shown in 
the patent to Luten, No. 1,009,676, Nov. 21, 1911; application 



Claim 3.—A concrete arch having bars embedded therein, both in intrados and extrados 
at the regions of tension and extending continuously through the regions of tension and 
sufficiently into the abutments to obtain a secure anchorage, the bars in the extrados being 
opposite the spaces between those in the intrados. 

Fig. 188.—Parmley patent. 

filed April 29, 1901. This patent shows the arch reinforced 
with but a single series of reinforcing members (Fig. 189) instead 
of the double row of the Thacher, Arnold, Melber, and Parmley 
patents. A modification of this device is shown in another patent 
to Luten, No. 818,386, April 17, 1906; application filed May 17, 



1902. In tins patent tne points crossing tno area ring lor 
various rods of the single series have been displaced laterally 
along the arch ring, so that the arch is reinforced on both sides 
through a short region where there is doubt as to whether the 



Claim 2.—In an arched structure of concrete the combination with a curved or arched 
member and abutments to support the same, of a series of tension members embedded in 
said curved or arched member, and passing close to the interior face of the abutments. 

Fig. 189.—Luten patent. 

bending moments will be positive or negative (Fig. 190). The 
reason for placing the reinforcement in this way is based on the 
theory that tension will occur at alternately opposite regions of 
an arch in limited regions only, and that steel is located in those 
regions and extends continuously from one to the other for 





Claim 7. An arch having embedded therein rods, bars, or other tension members in 
two or more series following one face of the arch rib, thence across and following the other 
lace cl the rib, the points of crossing for the different series being angularly or laterally dis¬ 
placed with respect to each other, substantially as described. 

Fig. 190.—Luten patent. 

convenience in placing. A similar object may be accomplished 
with non-continuous rods as shown in patent to Luten No. 
852,971, May 7, 1907; application filed June 30, 1906. (See Fig. 
191.) The difficulty of placing this form of reinforcement probably 
offsets the saving in metal. 
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The Cummings patent, No. 978,361, issued Dec. 13 1910 
on an appl.cat.on filed June 11, 1909 , relates entirely to 
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Fig. 191.—Luten patent. 
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Fig. 192. —Cummings patent. 


transverse reinforcement in the arch ring or arch rib. 
claim is given in Fig. 192. 
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almost any type patented or non-patent,ed, but usually consist, 
of round rods. However, there is no reason why any of + 
of remforeement described in Art. 18 of Vol. I and in Chanter'V 
ofVol. II may not be applied in accordance with the claims 0 fV 
above patents which, as far as the writer knows are all tlJ1 ! 6 
that apply specifically to arch ribs. ’ * the patents 

that has notlling t0 (1 ° with reinforcement is that +* 

1904 6r ’™' 77 f 6 ’ 2 t 52 ’ f° V ' 29 ’ 1904; application Sled July \ 
1904 This patent pertains to an abutment for an arch in d v! 

a homontal plate is used to resist the horizontal S "tf 

The converse of this is shown in the patent to Luten Noi S 



Fig. 193.—Mailer patent ““ .—.ine. 
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of building a bridee in wKi’nU+u ,.-rv. P . f°r a method 

applied to produce what i, 6 -V erbng c ^ ec ^ of the spandrel is 
what ,s considered a more efficient structure 


with elimination of possible settlement cracks. The old method 
was to remove the centers from beneath an arch before the span¬ 
drels, fill, and railings were added, the arch thus assuming its 
settlement stresses before their addition; but the erection of 
spandrels or fill after centers are removed is dangerous unless the 
arch ring is made excessively heavy. The process of the Luten 



Claim 9. —An arch or bridge having the bed of stream paved with concrete with tension 
members embedded transverse to the course of the stream. 

Fig. 194. — Luten. patent. 

patent referred to covers the building of the arch and part of the 
spandrel before striking centers, and the addition of the coping 
and railings after striking centers. The addition of the lower 
part of the spandrel walls before striking centers permits the 
addition of the earth fill supported by these walls and this applies 



Claim 4.—A falsework centering containing compound compression members for support¬ 
ing a load and each composed of a plurality of pieces having major and minor dimensions 
transverse to their lengths, the major dimension of one piece being arranged transversely to 
the major dimension of another piece, and a withdrawable connection to unite the pieces of 
each compression member. 

Fig. 195. — Luten patent. 

to the arch its normal loading at the time the centers are struck. 
The part spandrel serves to stiffen the arch and render it secure, 
making possible the use of a light arch ring, yet with elimination 
of settlement cracks. One of the broader claims (claim 14) is as 
follows: 

“That improvement in the art of building an arch or girder comprising 
erecting the arch or girder together with part of the spandrel or super- 



structure on centers, then lowering the centers and subsequently adding 


coping or railing.” 



Claim.—A centering or temporary falsework for masonry, or concrete* arches comprising 
a three-point pinned arch composed of two sections supported solely at their lower ends and 
connected together at their upper ends at the center plane of the arch by a single, pin through 
which stresses are transmitted from one section to the other, supports at the lower ends of 
the two sections each connected to the corresponding section by a single pin. 

Fig. 196.—Watson patent. 

An improved form of centering is disclosed in Luton patent 
No. 1,106,880, Aug. 11, 1914; application filed Nov. 1, 1906. 
The uprights consist of compound T-columns fastened together 
with wires (Fig. 195) and consisting usually of 2 in. by 6-in. or 



2 in. by 8-in. timbers. No wedges or sand boxes are used for 
striking centers, but by clipping the wires, the compound columns 
are resolved into their simple elements, which buckle, lowering 
the center, and the arch thus gradually assumes its load. 










A three-pin type of centering is shown in the patent to Watson, 
No. 1,071,118, issued Aug. 26, 1913, on an application filed 



Jan. 27, 1911. One of the objects of the invention is to provide 
a centering which can be used repeatedly, which has a minimum 
deflection when the load is applied, and which is well adapted 


for construction of arch bridges where obstruction to traffi 
under the bridge must be avoided. (See Fig. 1<)(>.) ttc 

A suspended system of arch construction is described in th 
Aylett patent No. 965,358, July 26,1910; application filed Oct. 26* 



of attachin^th^m Aylett patents also cover the method 

es direcfcly to the voussoirs without 

pre-casted voussoir method ^ might ** CaIled a sus P ended 
A three hinged arch patent is disclosed in the patent to Thomas, 
















No. 915,316, Mar. 16, 1909; application filed Jan. 30, 1908. 
(See Fig. 198.) 

The Strauss and Collins patent No. 762,361, issued June 14, 
1904, on an application filed Jan. 25, 1904, describes a special 
type of arch bridge, as indicated in Fig. 199. 

64. Patent Litigation. —There has been much activity in 
litigation of arch patents. Of the suits won, many have been 
concluded by consent decrees, but none have thoroughly con¬ 
tested the validity of the patents. Many of the pending suits 
are being hotly contested at the present time and will undoubt¬ 
edly result in decrees that will definitely determine the validity 
of some of the patents. A single favorable opinion in a thor¬ 
oughly contested case will go a long way to fix the standing of 
the patents before the public. An unfavorable opinion on the 
other hand will not be conclusive, because it will determine the 
validity of only a few claims, and the Luten patents alone con¬ 
tain hundreds of claims. Any one suit might invalidate a pos¬ 
sible half-dozen of these claims but would not be conclusive as 
to the patents themselves or the other claims that were not 
involved. Hence no early conclusion of litigation under these 
various patents can be expected. 

Since a patent is a Federal grant, litigation for violation of 
the patent itself must always be in the Federal court. Prop¬ 
erty rights in patents and contracts under patents may come 
within the jurisdiction of the State courts, but infringement of a 
patent is a matter for correction exclusively in the Federal court. 
A patent is infringed by anyone who makes, sells, or uses any 
device that includes all of the elements named in any one claim 
of the patent. If any element of the claim be absent from the 
device the patent is not infringed. But the presence of more 
elements than called for by the claim does not avoid infringe¬ 
ment. The drawings and specifications have very little to do 
with the question of infringement, being principally useful to 
the court in determining any ambiguity that may arise as to 
the claim. In the Thacher patent illustrated in Fig. 185 the 
reinforcement is shown consisting of deformed bars, but the 
claims are not thus limited. Hence smooth rods or bars or their 
equivalent would infringe the patent if arranged as claimed. 

The remedy for infringement may be a suit at law before a 
jury to collect damages, or it may be a suit in equity before a 
judge for an injunction which, if granted, carries with it an ae- 



counting for damages ana proms, J»eany an mmngement suits 
are consequently suits in equity, having the injunction against 
future infringement as their primary object. An injunction to 
prevent infringement may be granted either before or after there 
has been infringement, a past infringement being construed by 
the court as a threat to infringe again. If one claim of a valid 
patent is shown to be infringed, the court will grant an injunc¬ 
tion forever restraining the future infringement of that patent. 
The suit may be against any party violating the patent. Thus 
the builder and the purchaser are both liable and neither can 
relieve the other. The designer may also be held liable under 
certain conditions, even though he has not actually made, used, 
or sold the infringing structure itself. The courts have held 
that there may be contributory infringement by one who assists 
others to make, sell, or use patented devices, as in the case of an 
engineer designing and supervising an infringing structure. 

There are many possible defenses to a suit for infringement, 
but none of them are ordinarily of much practical value, except 
the proof that the patent was not granted to the original inventor 
in this country. The most convincing test of the validity of a 
patent is: Did it add anything to the sum of human knowledge? 
If it did, it is to just that extent valid. One or more claims of a 
patent may be found invalid and the remaining claims of the 
patent still remain valid. And the patent itself is not void until 
all of its claims have been proved invalid. 

Suits for infringements are begun in district courts of the 
United States. From this court there may be an appeal to the 
Circuit Court of Appeals of the Circuit, and its decision is final. 
There are nine Federal Circuits in the United States and nine 
courts of appeal, and the decision of one of these courts is not 
binding upon any other, although it is persuasive. In case of 
conflicting decisions a remedy may be had in the Supreme Court 
of the United States, but this is possible only in case such court 
consents to a hearing. Consequently a patent may be valid in 
one district and invalid in another, and adverse decisions are 
necessary in nine district courts to completely invalidate it 
throughout the United States. Usually one or two thoroughly 
contested decisions are considered conclusive. 

The damages that may be secured in a suit for infringement 
are usually measured by the customary royalty charged for the 
use of the patent. In case the infringement was done knowingly 



and wilfully, treble damages may be awarded at the pleasure of 
the court. But even so the cost of litigation usually far exceeds 
the damages secured and the primary object of a suit for in¬ 
fringement must be the injunction to stop further infringement. 
Under the old rules of Federal court procedure the cost of a 
patent suit not infrequently ran into tens of thousands of dollars. 
The total cost of the suit that established the validity of the 
Cameron Septic Tank patent is said to have exceeded $50,000, 
and the Warren Bitulithic Paving patent, $60,000. But on 
Feb. 1, 1913, the new rules of Federal court procedure went into 
effect and infringement suits may now be tried in open court 
with but little delay, so that lower court decisions may now be 
had in 1 or 2 years, where formerly 5 years was not unusual, and 
Mr. Edison is said to have contested one suit through 30 years 
of litigation. 




CHAPTER XIII 


TYPICAL DESIGNS OF THE VARIOUS TYPES OF ARCH 
BRIDGES 

The bridges illustrated in this chapter have been selected as 
representative of the various types of arch bridges built in this 
country, and much can be gained, the writer believes, by a careful 
study of the details shown. In fact, it is thought that the 
practical designing of concrete arch bridges can be taught in no 
other way than by requiring a well-directed study of a repre¬ 
sentative collection of typical detailed designs, such as those 
shown, in addition to the usual problems of analysis. The 
construction views included should prove instructive. 

The construction in detail of the Yardley bridge (Plates IV, 
V, and VI) may be found in Chapter XXXI. The Third Street 
bridge at Logansport, Ind. (Plate VII) is a bridge of Luten 
Design—a patented type of bridge referred to in Chapters X and 
XII. The lattice girders set across the arch ring in the Atherton 
Avenue bridge (Fig. 207 and Plate IX) should be especially 
noted as they are somewhat unusual, being employed to provide 
positive spacing and locking together of the arch reinforcement. 
The analysis of the Carondelet Park bridge (Plates XII, XIII, 
and XIV) and also of the Main Street viaduct (Plates XL and 
XLI) may be found in Arts. 47 and 61 respectively. The Latah 
Creek bridge (Figs. 232 and 233) was included to show one method 
of providing rigidity and at the same time reducing the number 
of ribs showing on the arch soffit—this being done by connect¬ 
ing each outer rib with the adjacent inner one by a thin slab at 
the intrados. The highway bridge at Danville, Va. (Plate 
XXXVIII) shows a type of bridge with the arch ribs extending 
up to the roadway and the reinforcement so placed that the 
greater part of rib may be considered as effective arch depth. 
The Benson Street bridge at Lockland, Ohio (Plate XXXIX), 
is a through arch bridge with the horizontal component of the 
arch thrust taken by steel rods extending between the skewbacks 
and fastened to the steel in the ribs. 



Standard 40-ft. arch. State of Missouri Highway Department. 
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bridge across Cedar River, Waterloo, Cedar Falls & Northern Ry. Co. 
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Courtesy of Mr. William Hunter, late Chief Engineer, P. & R. Ry. Co. 

Fig. 202.—Yardley bridge, Philadelphia & Reading Ry. Co.. 









PLATE IV 
























ourtesy of Mr. Daniel B. Luten, Consulting Engineer, Indianapolis. 

Fig. 203.—Third Street bridge, Logansport, Ind. 









Third Street bridge, Logansport, Ind. 

























Fig. 205.—Roadway of Atherton Avenue bridge over P. R. R., City of Pittsburgh. 






























Atherton Avenue bridge, Pittsburgh. 
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Courtesy of Engineering and Contracting. 

Fig. 208.—Third Avenue bridge over Cedar River, Cedar Rapids, Iowa. 


Courtesy of Engineering and Contracting. 

Fig. 209. Refuge bay of Third Avenue bridge, Cedar Rapids, Iowan 
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210.—Construction view of Third Avenue bridge, Cedar Rapids, Iowa. 










Section C-0 

































21-2.-Construction view of Carondelet Park bridge, St. Louis. 
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Fig. 213.—Abutments of Carondelet Park bridge, St. Louis. 
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Pig. 214Asliokan Reservoir Spillway bridge. 
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Pig. 215. Falsework for Ashokan Reservoir Spillway bridge. 

































Courtesy of Mr, Louis P. Wolff, Consulting Engineer , St. Paul, Minn. 
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Courtesy of Sandusky Portland Cement Co. 
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Chippewa River bridge, Eau Claire, Wis. 









Half Section B-B j 

Chippewa River bridge, Eau Claire, Wis. 
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PLATE XIX 




Half Sectional Plan A-A and Half Foundation Plan showing Piles 
Chippewa River bridge, Eau Claire, Wis. 

















REINFORCED CONCRETE CONSTRUCTION 


PLATE XX 


■>K-. IZ-3% -j 



t ; -r . '■ 

Elevation a hcenter Line of Headway] _ 


W* J z° 




4 

j,i "'Wc.-hc. f-jj J 

I 


% ’Hoops 


"i ,! ° 18”c.1oc. 3 r lq. |. j |>| 

M .si 

Dowel Hods t..i Pl 0 „ ' 


‘i< - sv 


Ptale lo'xp 


WmSm 



Section A-A 



Longitudinal Section 
of West Approach 

Jo'xj,"x21-/0"Plate over Expansion Joint 
anchored with f"’Bolts with countersunk 
heads spaced about 2 , -o"c.toc. 



w -\L 

$ ffo Ebds 6 n c toe C s' long every third rod It 1 la '•> 
a, f ! °F°do /8' f c toe iO'bng 
7-q Pods W ’long over Center Pier. \ \ 











uissumb OF ARCH BRIDGES 


319 



Fig. 218. Ludlow Avenue viaduct, Cincinnati, Ohio. 
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PLATE XXIV 



Section over Arches 













Courtesy of Mr. E. C. L. Wagner, Civil Engineer, Kansas City. 

Fig. 219.—Stimson Crock bridge, Fulton, Mo. 



Courtesy of Mr. E. C.L. W'aynvr, Civil Engineer, Kanr.ue, City. 

Fig. 220.—Construction- view of vSlim.son Creek bridge, Fulton, Mo. 
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,, U> !^y } " f A * s "l"-nnt,;„lrnf, Drp't. of Public Works, Pittsburgh. 

onm ‘ l " ,K 1,1 ■ l,vh Larimer Avenue Ime lire, Pittebunrl 


Courtesy of Mr. A . .S’. Su,,mntn„ln,t, Don't, of Pul.Ko tv™,. , 

Fig. 222. Areh-rib Larimer AwnuVbridge, 




















Courtesy of Engineering and Contracting. 

Yui. 224.—Construction view of west approach, Larimer Avenue bridge, 

Pittsburgh. 


Courtesy of Engineering and Contracting. 

Fig. 226.—View of traveler For suspending working scailolds lor biishhiiiimic. 
work, Larimer Avenue bridge, Pittsburgh. 


Courtesy of Engineering and Contracting. 

Fig. 225.—Forms for floor system over main arch, Larimer Avenue bridge, 

Fit tsburgh. 
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«S: Fleming, Engineers , Pittsburgh. 

Fig. 227.—Monessen viaduct, Monessen, Pa. 






























































PLATE XXXI 



Monessen viaduct. 

















PLATE XXX] 



Section of 
Pier Foundation 

Monessen viaduct. 






PLATE XXXIII 



Monessen viaduct. 
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Courtesy oj Concrete-Cement Age. 

Fig. 229.—Bridge over the Arroyo Soco, Pasadena, Cal. 
















Courtesy of Mr. Charles *1. Byers, Los Anyeles , Cal. 

Fig. 231.—Refuge hay on bridge over the Arroyo Seco, Pasadena, Cal. 
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Bridge over the Arroyo Seco, Pasadena, Cal. 
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Courtesy of Mr. Morton Macartney , City Engineer , Spokane. 

Fig. 233.—Construction view of Latah Creek bridge, Spokane, Wash. 








;// of Mr. Wilbur J. Watson, Consulting Engineer, Cleveland. 

—General view of highway bridge at Danville, Va. 








PLATE XXXVIII 



Highway bridge at Danville, Va. 
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Courtesy of Assoc, of American Portland Cement Mfgrs. 















Courtesy of Mr. E. A. Gast, Deputy County Surveyor. Hamilton County, Ohio. 

Fig. 237.—Construction view, Benson Street bridge over Mill Creek at Lockland, Ohio. 
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Courtesy of Mr. S. W. Bowen- of B re tin eh' and Fay, Consuttinn Engineers, St. Louis. 

Fig. 238.—Main Street viaduct, Fort Worth, Texas, from an 
artist’s perspeclive. 



Pier No.£ 

Fig. 230 .—River span, Main Si reel, viaduct, Fort Worth, Texas. 











Courtesy of Mr. ti. W. Bowen , tit. Louis. 

Fig. 240. —Pier casting of center rib, Main Street viaduct, Fort Worth, 
Texas. Casting ready to be concreted in. 
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PART II 

SLAB AND GIRDER BRIDGES 

Since the methods of designing slabs, beams, and girders have 
been explained at length in Volumes I and II, no attempt 
will be made in the following chapters to treat of these meth¬ 
ods in detail. Many things must be considered, however, in 
designing bridges of this class, aside from the proportioning of 
simple and continuous beams, and such matters will be given 
due consideration. 

The erection of forms and other operations in slab-and-girder 
bridge construction are essentially the same for ordinary condi¬ 
tions as the corresponding operations in the construction of 
buildings. On this account, constructional methods will be re¬ 
ferred to only incidentally under this heading. 

The loadings to use in design are, of course, the same as for 
the floors in arch bridges of open-spandrel construction (see 
Art. 7). In fact, it should be noted that the framed structure 
which is supported by a ribbed arch is virtually a trestle form of 
girder bridge and the loadings and general design are identical. 

Impact may properly bo. neglected in arch-ring analysis but 
becomes important in bridge-floor design. An increase of 25 
per cent is usually made in the live load or live-load stresses for 
highway bridges and 50 per cent in those for railroad bridges. 

From the standpoint of economy, slab bridges should in 
general be limited in span length to about 25 ft., and ordinary 
girder bridges to about 50 ft. 



CHAPTER XIV 


SLAB bridges 

65. Slabs Under Concentrated Loading. —Recent tests made 
on simply-supported slabs at the University of Illinois and at the 
United States Office of Public Roads gave results in sufficient 
agreement to permit of simple rules being formulated for estimat¬ 
ing the effective width of slabs supporting concentrated loads. 
In one series of tests, §-in. plain round rods were used and the 
loads were applied centrally over a bearing area 6 in. in diameter. 
In another series somewhat similar loads were applied at the 
one-third points of the span. In a discussion of the tests above 
mentioned before the American Society for Testing Materials, 
June, 1913, Mr. W. A. Slater, first as¬ 
sistant of the Engineering Experiment 
Station, University of Illinois, recom¬ 
mended that where the total width of 
slab is greater than twice the span, the 
effective width e (Fig. 242) be assumed 
as 

4 - 7 

€ = g X + (i 

where x is the distance from the concentrated load to the nearest 
support and d is the width at right angles to the span over which 
the load is applied. Mr. Slater pointed out that the tests so far 
made showed the effective width to be but little influenced by 
the depth of the slab or by the percentage of longitudinal rein¬ 
forcement. He stated, however, that he would limit the latter 
to 1 per cent, “because of the possibility that in a beam with a 
large amount of longitudinal reinforcement and a relatively small 
depth, failure may be caused by transverse tension in the con¬ 
crete and not by longitudinal steel stress.” 

Tests were made on beams having various percentages of trans¬ 
verse reinforcement, but results did not show conclusively that such 
reinforcement is economical when used for the purpose of resist¬ 
ing transverse bending stress. Additional tests are needed to 
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determine what increase may be made in the effective width for 
different percentages of transverse steel. At least a small amount 
should be used in every case for the purpose of distributing def- 
ormation due to variations in temperature. 

The formula given above for finding effective width shows that 
this width is very nearly a constant proportion of the span; and 
consequently it follows that the depth of slab required to support 
a given concentrated load is approximately the same for all spans. 
Of course, the depth referred to here is only that necessary to 
support the live load. Considering both dead and live load, 
an increase in span length would obviously cause considerable 
increase in depth or in percentage of reinforcement. 

The above discussion refers to a total width of slab greater 
than twice the span. For a slab whose total width is less tha n 



0 O.E 0.4 0.6 0.8 I..0 1.2 1.4 1.6 1.8 2.0 2.2 24 2.6 2.8 3.0 3.2 

Ratio of Total Width to Span 
Fid. 24:*. 

this, the effective width may be found from Fig. 243 which shows 
the ratio of the effective width of the span as determined from the 
measured steel stresses in the University of Illinois tests. 

Mr. C. It. Young, Assistant Professor of Structural Engineer¬ 
ing in the University of Toronto, in an article in Engineering 
News , issue of July 30, 1914, calls attention to the fact that the 
loads caused by wheels or rollers on highway bridges are applied 
over considerably elongated areas. In view of the tests referred 
to above, he presents a practical method of estimating the effective 
width of slabs supporting the type of concentrated loads found in 
practice. The following is taken from the article mentioned: 

“Let a concentrated load, hearing on an area of length c and width d, 

hp fl.rmlipfl in onvr <rnnnv«,| rwuiit.mn n slfl.h VlflvinfT fl, total width 6 BOt 



less than twice the span length l, as shown in Fig. 244. If any small 
element of this load, as mn, distant x from the nearer support, be con¬ 
sidered, it is directly evident from the experimental investigations cited 
above, that such part of it as is delivered to the nearer support may be 
regarded as wholly transferred to that support within lines drawn 
through the end points of the element making angles e with the direc¬ 
tion of the span of the slab, the tangent of which angle is between 0.67 
and 0.80. For brevity, the angle between these two bounding lines, 
that is 20, may be called the effective angle . The reaction at the near 
support may thus be regarded as uniformly distributed over a width of 
r = 2x tan 6 + d, or if tan 6 be assumed as 0.67, a conservative value in 
the light of experimental results, this width becomes 1.33a; + d. 

“Although there is no direct experimental evidence that the effective 
angle to the farther support is the same as to the nearer, careful con¬ 



sideration of the matter leads to the conclusion that it is. If the farther 
support were moved in so that the element of load, mn, became central, 
the effective angles to the two supports would be equal. There would 
then be applied to the shifted support, along a length that may be called 
the effective reaction-width of the reduced span, a uniformly-distributed 
reaction which, when the first support was replaced in its original posi¬ 
tion, would become a concentrated load on the original span. The 
virtual load would be delivered to the support nearest to it, but farthest 
from the original eccentric element of load mn within the same effective 
angle as would apply to the nearer support in any case. It thus appears 
that the effective angles from any element of loading to the two supports 
are equal. 

“When the selected element of loading is not at the center of the 
span and the reactions at the two supports arc thus not distributed 
over the same effective widths, the question arises as to what should be 
the effective width of the slab for the calculation of resisting moment. 
It is probable that the average of the two reaction-widths would be the 
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correct width to assume for this purpose, and in the absence of direct 
experimental evidence on the matter, this assumption is recommended. 

“ Considering as a whole the concentiated load shown in Fig. 244 it 
follows that the part of it delivered to either support may be regarded 
as wholly transferred to that support within lines drawn through the 
remotest corners of the loaded area and making angles with the direction 
of the span of the slab equal to 0, one-half of the effective angle. If / 
be the distance of that edge of the loaded area nearest a support, from 
the support, the effective reaction width, r h for the nearer support 
would be 

n = 2 (c + /) tan e + d 
and for the farther support it would be, 

r 2 = 2(1 — /) tan Q + d 

As in the case of an element of loading, the effective width of the slab 
for the computation of moment of resistance may be taken as the 
average of the reaction widths n and r 2 . 

“ Where the concentrated load is a moving one, the critical position 
will be at the center of the span. The effective reaction-widths are then 
equal to each other and the effective width of the slab for the computa¬ 
tion of moment of resistance is equal to either. 

“Since loads arising from wheels or rollers are often applied over 
considerably elongated areas, the orientation of the load on the span is 
an important consideration. For such loads, the distance d is always 
small—in theory only the width of a line—but the distance c may, for 
rollers, be as much as 48 in.,, and is commonly from 12 to 20 in. 

“The two extreme arrangements of the load, indicated in Fig. 245, 
will be compared. In Fig. 245(a), the axis of the machine or vehicle 
is at right angles to the direction of the span of the slab, while in Fig. 
245(5), it is parallel to this direction. For the usual system of floor 
construction in a bridge, with the slabs supported on longitudinal 
stringers, the axis of the machine for the case shown in Fig. 245(a) 
would be parallel to the axis of the bridge and for the case indicated in 
Fig. 245(5), transverse to it. The latter is a contingency that must be 
considered in wide bridges. When the load is placed as showm in Fig. 
245(a), it follows from what has already been said that the effective 
width of the slab e { is given by the expression 

61 = (l -f~ c) t(l7l 6 d 

and when the arrangement is that of Fig. 245(5), the effective width is 
C‘i = (l + d) tan 0 + c 

Since c is ordinarilv verv much Greater than d p.» is crrpnf.pr fha-n z>. 



and the location and orientation of a wheel load most seriously stress¬ 
ing a slab is as shown in Fig. 245(a) and not as shown in Fig. 245(6). 

“For bearing areas differing in shape from those shown in Figs. 244 
and 245, equivalent rectangles may be substituted. 

“When the length b of the slab is less than twice the span length l } 
it becomes necessary to make some reduction in the effective width. 
The writer would suggest that until further experimental evidence is 
available the values of tan 6 in any calculation of effective widths be 


Total Width = b 
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assumed substantially in accordance with those given by Mr. Slater’s 
graph, or as follows: 
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u Although no experimental investigation of the relative distributing 
effects of various types of slab reinforcement has been made, it is probable 
that a form involving diagonal strands or rods is most efficient. Maxi¬ 
mum stiffness along lines radiating from the load within the effective 



angle and the provision of a large number of strands directly under the 
load would thus be secured. Upon these considerations the delivery of 
the load to the supports over a considerable effective width largely 
depends. 







“ The effect of a gravel cushion or other wearing surface in distributing 
concentrated loads over bridge floors has not been considered, as this is a 
matter not entering into the present discussion. Having found the area 
of the slab to which the load is applied by this surfacing, the problem is 
of precisely the same kind as arises when loads are applied directly to 



Courtesy of Mr. M. W. Torkelson, Bridge Engineer, Wisconsin Highway Commission. 

Fig. 247. —Christiana bridge over Brewery Creek, Town of Cross Plains, 
Dane County, Wis. 

the slab. The only difference is that the bearing area of the concentrated 
load is increased with the use of a wearing surface and consequently the 
effective width of the slab also becomes greater.” 

66. Slab Bridges of Single Span.—The floor of a slab bridge 
may be designed as any simply-supported slab except that shear- 



Courtesy of Mr. M. W. Torkelson, Bridge Engineer, Wisconsin Highway Commission. 

Fro. 248.—Construction view of Christiana bridge, Town of Cross Plains, 
Dane County, Wis. 

ing stresses may require very careful attention where the live 
load is relatively large, as in railroad structures. The whole 
reinforcing system may be made absolutely rigid by wiring the 
main reinforcing rods to the transverse reinforcement, em¬ 
ploying extra transverse spacing rods at the ends of the bent-up 
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steel. Both the straight longitudinal rods and those bent up to 
provide for diagonal tension should be hooked at the ends. 

Practice varies in regard to the use of expansion joints between 
the slab floor and the abutments. There are none provided in 
Figs. 246, 249, and 250, but such joints are placed at both 
abutments in Fig. 251. In the latter figure, vertical end ex¬ 
pansion joints are provided at the angle points between abutment 
wings and slab, making it necessaiy to cantilever the outer por- 
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Fig. 249.—Details of Christiana bridge, Town of Cross Plains, Dane 

County, Wis. 


tions of the slab width on account of insufficient abutment 
support. 

In Figs. 246, 249, and 250 the main wall or vertical slab of the 
abutment is supported at the top by the floor and at the bottom by 
the footing, and may be figured for earth pressure as a simple 
slab with the main steel near the outer or stream face. Of 
course, the main wall should also be designed to act as a column 
to support the superstructure. Since a joint of low friction is 
not provided between floor and abutments, the unit tensile 
stress in the steel of the superstructure is usually kept low (12,000 








lb. per square inch) so as to provide properly for the additional 
tension in the steel caused by the contraction of the bridge in 
cold weather. The wings may be designed as self-supporting 
retaining walls of the cantilever type, using the methods ex¬ 
plained in Part I of Volume II. Theoretically* the maximum 
efficiency of the footing for the wing walls can be obtained by 
placing the wing wall at about the outer middle-third point of 
the base, but in many cases considerable saving in excavation 



Fig. 250.—Typical slab bridge, Illinois Highway Commission. Abut¬ 
ment wings of the cantilever type. Main wall vertical slab supported at 
top by superstructure and at base by footing. 


may make it more desirable to shift the footing a little toward 
the stream bed. Counterforted walls are advisable only for 
abutments over 20 ft. in height. 

Figs. 251 and 252 show an unusual abutment design adopted by 
the engineers of the Iowa Highway Commission for both slab 
and girder bridges. Expansion joints being provided at each end 
of the superstructure, both the main portion and the wings were 
designed as self-supporting retaining walls. The main portion, 
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Fig. 251.—Typical slab superstructure, Iowa Highway Commission. 





















however, was not only analyzed in the ordinary manner for 
pressure on the base, but was also analyzed taking into account 
the stability due to the weight of the wings. The mean value of 
the maximum pressure at the toe of the foundation by the two 
methods being found safe, and an analysis for sliding and over¬ 
turning being satisfactory, the dimensions shown were adopted. 



The horizontal rods designated as tension bars were inserted in 
order to utilize the weight above mentioned. These rods are 
placed in the main stem near the upper surface and extend 
continuously through the wings, with splices at the center of 
the main portion. The effect of considering the wings as a 
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part of the abutment body is to shift the center of gravity of 
the entire mass farther from the stream face and thus reduce 
the eccentricity of pressure on the foundation. The horizontal 
reinforcing rods shown near the stream face of the abutment, 
and which are carried about 5 ft. into the wings, were employed 




Fig. 253.—Details of substructure, standard concrete pile trestle, Illinois 

Central It. It. 


to counteract a tendency to the formation of vertical cracks on 
the outside at the corner of wing and abutment. The vertical 
rods in the front face serve as a framework upon which to build 
the horizontal rods and they also prevent any tendency toward 
the formation of horizontal cracks in the stream face due to the 
clogging of an expansion joint. 
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spans will be treated under the four following headings: 
Concrete pile trestles. 

Pier trestles. 

Trestles with framed bents. 

Cantilever flat-slab construction. 

Concrete Pile Trestles. —Figs. 253 to 256 inclusive give the 
essential details of design of the pile trestles built by the Illinois 
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Fig. 254. Standard slab for clear spans of 16 ft. Illinois Central It. It. 

Central Railroad. They can be considered typical of concrete 
pile trestles in general. These trestles replace similar wooden 
structures over swamps and shallow streams which may not be 
filled and where bridges on more permanent supports would be 
extremely expensive because of their great length. The con- 
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struction consists of pile bents spaced generally from 16 to 20 
ft. c. to c., and with a height above ground not greater than 
the span. The piles are capped with reinforced-concrete girders 
which support the floor slabs. 



Courtesy of Mr. Maro Johnson, Engineer of Bridges and Buildings , I. C. -5. R 
Fig. 255. —Construction view of concrete pile trestle on Illinois Central 
R. R. near Obion, Tenn. Concrete bents ready for slabs. 



Courtesy of Mr. Maro Johnson, Engineer of Bridges and Buildings, I. C. R. R. 

Fig. 256.—Typical bent of concrete pile trestle on Illinois Central R. R. 
near Obion, Tenn. 


The piles and deck slabs are usually cast in a convenient yard, 
allowed to season from 60 to 90 days, and are then hauled to the 
bridge site. The lifting stirrups shown permit of the slabs being 


















used at suitable intervals to take up longitudinal stresses due to 
tractive force and, by means of an expansion joint, to prevent 
any great accumulation of movement of the deck due to tem¬ 
perature changes. 



Courtesy of Raymond Concrete Pile Co. 

Fig. 258.—Construction view of pile trestle across the Miles River near 

Easton, Md. 
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near New Athens, Ill. 


A concrete pile trestle for carrying a highway is shown in 
Figs. 257 and 258. 1 It was found economical to cast the piles, 
deck slabs, and railing slabs at Baltimore, GO miles away, and 
transport them to the site on scows. Expansion joints were 

1 See also Engineering News, issue of Feb. 5, 1914. 













located in the roadway slabs, curb, and railing slabs at every 
fifth bent. 


Courtesy of Mr. Maro Johnson f Engineer of Bridges and Buildings, I. C. R. R. 

Fig. 260. —Solid benchwall type of concrete trestle on Illinois Central R. R. 
near New Athens, Ill. 


Courtesy of Mr. Maro Johnson, Engineer of Bridges and Buildings, I. C. R. It. 

Fig. 261.—Roadbed of trestle shown in Fig. 260. 

Pier Trestles .—Thin concrete piers arc preferable to pile bents 
when the height of bridge above the ground line is greater than 











SLAB BRIDGES 


375 



De+a i I of Notch ■ Plates, Center Pier Elevation 



Fig. 262.—Details of Mozart Street subway, Bloomingdale Road track ele¬ 
vation, Chicago, Milwaukee & St. Paul Railway. 


























-Sliding joints 


spaces between slabs 
filled with grout-*. 








Section through * 
Sidewalk Girder 



Side 

Elevation 


Bars. 12 c. toe. 


Section 
through Slab 


/Alternate bars bent 


\f-/6 // P. 


Inside Elevation and Section 
showing Reinforcement in 
Sidewalk Girder and Bent 


4 Bars' 
l-6 l> /onq, p.i 1 

#*c.ioc. W*h 


”j| lns, 'de Elevation L.j f’g* 

}# and Section of Jr-J B 

Side Parapet a Bent 4 ‘. 


jr Base of Raj ] 



-1-- 


mrr 


a Bars 5-6”/oner I*" 

• M& 

—-— 

V» K-. 6 f ~0". . 


e : f a s'-6", 


jQOps;8"cioc\Ml 







Ml 


\.~Z-Bars 


r-f| i „W 

[- i _ |lf 4 10"-- v I 

=t=!l'^Lrj-| 'fSar.s'/ony Piaci bars in 

H—1 ^ p^ rrr ^ position strown 


I ~ <i 1 s? P° s '+'on Shown 

1-4-1--——_ s _| | J > rt c.-Ullv before groutin 

" ---— ---1—i . 1^ ; ;.v i-i open space 


’Bars/jl^, A4curb 

!T^" ■ .\ * £ 


■fPP&fSjj l —i open space 

~~ ~i' \ 

Arrangement for 

Lifting Slab X 


_ S/ope \ 


f End Slab 


! i" a B ars - 

. 4 

Half Longitudinal Section -r • . 

of Intermediate sioh * . Jl p,cal Cross Section 













J3K1 LJLri^o 


611 


about 16 ft. Figs. 259, 260, and 261 show a typical trestle of the 
solid bench-wall type built by the Illinois Central Railroad. 

Trestles with Framed Bents— Slab bridges with framed bents 
forming subways are used on at least fifteen railroads in this 
country. A design which may be considered typical is shown 
in Fig. 262. The deck slabs may either be cast in place or cast 
at some central yard and placed in a similar manner to the slabs 
for pile or pier trestles. In Fig. 262 the design is shown for 
slabs to be cast in place. A general view of a typical Illinois 
Central subway is shown in Fig. 263. 

A framed-bent trestle with continuous side girders to resist 
stresses due to traction is shown in Figs. 264 and 265. The 
girder on one side acts simply as a tie and parapet, while the 



Courtesy of Mr. Maro Johnson , Engineer of Bridges and Buildings , I. C. R. R. 

Fig. 265.—Trestle approach to Cumberland River bridge, Illinois Central 
R. R. Side girders continuous. 


other with a cantilever projection at the side acts also as a 
sidewalk. The slabs were cast in a yard at some distance from 
the bridge site, loaded on flat cars, taken to the jofi, and swung 
into place with derricks. Expansion is allowed for at both ends 
by providing a sliding joint between the bridge superstructure 
and the abutments. The shallow 4-in. curbs at the ends of 
the slabs were provided to prevent seepage from getting into the 
1-in. grout joint between slabs. The pier footings are reinforced 
longitudinally in top and bottom, and w r ere figured as con¬ 
tinuous T-beams uniformly loaded by the pressure on the soil. 
The cross girders at the top of the columns support the deck 
slabs previously referred to, and are made continuous. 

Cantilever Flat-slab Construction .—Fig. 266 is a flat-slab struc¬ 
ture of the Turner Mushroom type. The methods which may 









Fig. 266 - 
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be used in the design of the roadway slab are treated in Volume 
II. The hollow abutments should be noted. 

A cantilever fiat-slab bridge in which the abutments are of 
the ordinary reinforced-concrete type is shown in Fig. 267. The 


Courtesy of Mr. A. M. Wolf, Prin. Asst. Eng'r., Condron Co., Chicago. 

Fig. 267.—Lafayette St. bridge, St. Paul, Minn. 

abutment walls are considered as held at the top by the super¬ 
structure to which they are anchored by bending the vertical 
rods into the slab. 







CHAPTER XV 


SIMPLE GIRDER BRIDGES 

68. Deck Girders. —The deck-girder type of construction usu¬ 
ally proves more economical than the through-girder type where- 
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Commission. 


ever sufficient head-room is available. The girders, of course, 
should be relatively thin and deep for the greatest economy, and 
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Fig. 269.—Details of Embarrass River bridge, Cumberland Co., HI. 































a curtain wall should be provided between the girders at each end 
of span to retain the earth fill, thereby avoiding complicated 
parapet walls on the abutments. 

Standard details of deck-girder bridges designed by the 
engineers of the Iowa Highway Commission are shown in Fig. 



Courtesy of Engineering and Contracting . 

Fig. 270.—Embarrass River bridge, Cumberland Co., Ill. 


268. The floor slab was analyzed both as fixed and as continu¬ 
ous, and was designed to resist maximum stresses caused by either 
method of analysis. The method of fastening the girder steel 
to anchor rods should be noted. Expansion joints are provided 



Courtesy of Engineering and Contracting. 

Fig. 271.—Rear view of abutment and wing walls, Embarrass River bridge, 

Cumberland Co., 111. 

under the girder stems by means of sliding steel plates anchored 
into the body of both superstructure and substructure. 

Tigs. 269, 270, and 271 illustrate the type of declc-girder bridge 
adopted as standard by the Illinois Highway Commission. The 
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following description of the methods employed in providing for 
expansion in girder bridges is given in the fourth report of the 
Commission: 

“Two methods of providing for expansion in girder bridges have been 
used and both have proved satisfactory. In one method, the wing walls 
of one abutment are entirely separated from the abutment wall proper, 
the latter being free to move at the top with the expansion or contraction 
of the superstructure. The wing walls are designed to be self-support¬ 
ing. As girder spans designed by the commission have so far been 
limited to 60 ft., the amount of movement either way from the normal is 



Fig. 272. —Type of abutment used for girder bridges by the Illinois High¬ 
way Commission. Wings of cantilever type. Main wall supported by 
wings as counterforts. 


small and is taken up by deflection of the main wall or a slight rocking of 
the wall on the footing. Earth pressure against the 'wall is of little 
importance in this connection as it but tends to reduce the tension in the 
girder steel during expansion and to cause the abutment wall to follow 
the superstructure during contraction. It does not increase the stress 
in the compression area of the girder as the load is applied at the bottom 
of the girder, tending by this eccentricity of application to reverse the 
dead- and live-load stresses in the girder. 

“This method has been found to be entirely successful, but is some¬ 
what objectionable as a slight movement of the wings due to earth 
pressure and unequal settlement sometimes causes the wing Avails to 
move forward slightly at the top, making a somewhat unsightly offset 
between the wing and abutment walls. This has never been more than 




























2 or 3 in. for the highest walls, but as it is not understood by the 
ordinary observer, an impression of weakness is sometimes caused. 

“The present method of providing for expansion is to design the 
abutments and wings in the ordinary way, separating the superstructure 
completely from one of the abutments by a thick paper joint and sup¬ 
porting each girder at the free end on a single cast-iron rocker of large 
diameter. The reaction is transmitted to the girder and abutment from 
the rocker through planed structural-steel plates stiffened with I-beams 
when necessary. The rocker surfaces in contact with the bearing plates 
are turned to insure perfect bearing on the plates. The diameter of 
the rocker is made proportional to the load imposed per linear inch, in 
the same manner as is commonly used in proportioning roller nests for 



Courtesy of Brenneke & Fay, Consulting Engineers , St. Louis, Mo. 

Fig. 274. —North Samuels Avenue viaduct, Fort Worth, Texas. 


steel bridges. The upper and lower plates are bedded in the concrete of 
the superstructure and abutment. The rocker is located in a pocket 
built in the abutment. This pocket is filled with a soft asphalt to pre¬ 
vent the entrance of water or dirt and to protect the metal from 
corrosion. 

“The rocker method of providing for expansion has proved very 
satisfactory and is but little more expensive than the other method, 
especially when it is considered that the wings may be tied to the main 
wall when rockers are used and advantage taken of the mutual support 
thus obtained.” 

Fig. 272 shows a type of abutment adopted by the Illinois 
Highway Commission in cases where the girders are supported 
on cast-iron rockers and the wings are nearly parallel to the 
roadway or make an angle of more than 45° with the face of 
the abutment. The wing walls are considered to act as counter- 





forts and the reinforcing steel in the main wall is horizontal and 
placed near the stream face of the wall. ^ 1 

Fig. 273 gives the details of a girder bridge, the main portion 
^f the abutments and the wings of which were designed and 



-Plan of Reinforcement in Footing 

Fig. 275.—Details of south abutment, North Samuels Avenue viaduct, 
Fort Worth, Texas. 


figured in the same manner 
and 250. 


as the slab bridges of Figs. 246, 249, 


. : . n the ® tructure ^own in Figs. 274 to 278 inclusive, cross 
girders and stringers were provided in addition to the longitudinal 







































Iowa Highway < ’ommisdun for locutions where tli<^ dork typo is 
impraei i« a!»h\ K shown in 1 ig. 27 U. The girders t hemsel ves were 
designed as simple beams and the floor :ts a slab partially fixed, 
tin* point of ooiitraflextue being arbitrarily assumed at about. 



1 ft, from fii«* edge of flu* girder. lids is approximately in ac¬ 
cordance with tests math* by tin* Illinois Highway (’ommission 
in 1SMI7. 

In lh«* tent* reform*I to, stress measurements were made on a 
through-girder pan with an IK-ft. roadway loaded with crushed 
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A low trestle or viaduct type of construction is shown in Fig s . 
287 and 288. The slabd>eam-and-girder spans were selected 
since arches, it was thought, would not appear to advantage 



Fro. 286.—Details of standard trestle. spans, Engineering Department 

State of Arizona. 5 



Courtesy of Mr. Frank L. liasrhiy, Division Eutjinn r, Dili: ton of Htniefun :t, ('innnnati t 0. 

Ion. 287. Gilbert Avenue viaduct, Oineinnut i, Ohio. Note expansion 
joint near center of illustration. 


for such low construction. The cost of the girder type was 
also found to be much hiss than for a .series of arches, due prin¬ 
cipally to decrease in the dead weight of the structure and 
























Section B-B 
























to simplicity in form work. Expansion joints occur about every 
200 ft. and make the viaduct virtually a number of independent 
structures, a double row of columns being provided at each 
joint. The arched girders capping the column bents were de¬ 
signed as straight rectangular beams and no account was taken 
of the possible arch action. The entire top surface of the road¬ 




way slab was waterproofed with a layer of burlap and two layers 
of felt laid in hot asphalt. 

Fig. 289 gives the details of a continuous girder bridge to span 
a stream which is generally dry, but which at flood times reaches 
over a wide area of bottom lands. This railway bridge is also 
within the backwater area of the White Rock reservoir of the 
Dallas water supply so that ample provision had to be made for 




















high-water conditions. The floor consists of a double T-beam 
which is monolithic with the bents and the abutments. There 
is no expansion joint in the structure since it was considered of 
sufficient strength to take all movement from end to end. Both 
ends of the structure are open between girder supports (Fig. 
290), with short trestles connecting with the bridge which at 



Courtesy of Mr. Wm. B. Bcilharz, Architect and Engineer, Dallas, Texas. 

Fig. 290.—Railway bridge over White Rock Creek near Dallas, Texas. 

some future time may be filled in if high water gives no trouble 
at this point. The girders were designed for Cooper’s E-30 
loading with an impact allowance of 100 per cent of the live load. 
The ribbed abutments should be noted. 

A continuous girder bridge or trestle with no expansion joints 
and with abutments of the ordinary type is shown in Figs. 291 



Courtesy of Mr. M. \V. 'Torkelson, Bridge, Engineer, Wisconsin Highway Commission . 

Fig. 291.-—Mill Crook bridge, Village of Cazenovia, Richland Co., Wis. 


arid 292. The structural steel core in the column bents is unusual 
but undoubtedly adds greatly to the rigidity. 

Fig. 293 is an example of high trestle construction with the 
long columns braced both laterally and longitudinally. 

Fie:. 294 aives the details nf nnr> nf +Fn i .j - 
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CHAPTER XVII 


CANTILEVER BRIDGES 

A type of bridge which in appearance is a concrete arch, but 
which in reality is composed of balanced cantilevers, is shown in 
Figs. 295 to 301 inclusive. A structure of this type can be made 
with longer spans than the ordinary girder and is suited to loca¬ 
tions where the real arch would be exceedingly costly on account 
of unsatisfactory foundation conditions. 



Section 

Fui. 205.—Details of I topple Street viaduct, Cincinnati, Ohio. 


73. Theory of Design. —A pier and the cantilever arms on 
each side compose a unit, the arms being balanced for dead 
load and for full live load. The piers are designed for bending 
due to the maximum eccentric load that can be applied, and 
considering the load on only one of the cantilever arms at a 






















time. The pier footings are designed so that the pressure on 
the base of a pier due to this same eccentric loading will not cause 
an intensity greater than the unit bearing value of the soil. 

74. Examples of Cantilever Bridges.—The viaduct shown in 
Fig. 295 consists of twenty-five skewed spans, each span oompris- 



Courtesy of Universal Portland Cement Co. 

Fig. 296.—Cantilever bridge over Rouge River, Wayne County, Mich. 



Courtesy of Universal Portland Cement Co. 

Fig. 297.-—Close view of cantilever bridge 1 , Wayne County, Mich. 


ing two curved cantilever arms supported on reinforeod-eonerete 
piers, A single cantilever arm occurs at each end of the viaduct. 
Each cantilever arm comprises four curved ribs which were designed 
as cantilevers from the skewed piers. The joint at the (‘enter of 
each span is shown in detail. In designing, this joint was con- 














• sidered as transmitting only shear from one cantilever arm to 
another and not any bending or arch action. Since each pier 
and its cantilever arms are symmetrical about the center line 
of the pier, no bending exists in the pier due to dead load or to 
full live load on both cantilevers. Piers, footings, and piling were 
designed to withstand the overturning effect produced by the 
loading of a single cantilever with the full live load. 



Fig. 298.—Half-elevation and detail of expansion joint of arch-shaped can¬ 
tilever bridge over Rouge River, Wayne County, Mich. 


The expansion joint at the center of the structure, shown in 
Figs. 296 to 298 inclusive, is entirely different from that em¬ 
ployed in the bridge just described. It should be noted, however, 
that the same result is accomplished—that is, that the two abut¬ 
ting arms arc permitted to move longitudinally, but not laterally 
or vertically. The joint consists of two 3-ft. pieces of 2J-in. steel 
shafting each inserted in two 1-J-ft. pieces of 3-in. gas pipe em- 



Courlcsy of Mr. Frank L. Itanchia. Division Engineer, Division of Structures, Cincinnati , 0 . 

Fig. 299.—Cantilever bridge on Runnymode Avenue, Cincinnati, Ohio. 


bedded in the concrete. End joints were made by placing sheets 
of three-ply tar paper on top of the abutments before the end 
cantilevers were poured, thus permitting a slight movement of the 
ends of the structure under changes of load and temperature. 
There was no apparent deflection at any of the expansion joints 
due to live load. 


































The joints at the ends of the bridge shown in Pigs. 299 and 300 
are of the same type as employed in the viaduct spans of Pig. 
295. The absence of such a joint at the center of the middle span 
is, however, the principal feature. In spite of this continuity be¬ 
tween piers, no account was taken of continuous action upon 
supports and the bridge was designed in the same manner as the 
cantilever viaduct previously referred to. In fact, it has been 




Half Section at Quarter and Half Points of Span 
Fid. HOI—Details of Washington Street bridge, Norwalk, Conn. 


found that a joint at the center of span is an unnecessary refine¬ 
ment in cantilever bridge design, and might be omitted. The 
bridge was designed and constructed so as not to rest on the 
abutments at all, the abutments being used merely to hold back 
the earthfill at each end and to serve as anchorage for the end 
cantilevers. A structure of this type with end openings closed 












by earthfill has all the appearances oi a mu arch. In such a 
case abutments, are not needed. 

If a number of> bridges similar to the bridge of Figs. 299 and 
300 were placed end to end, the result would be essentially a struc¬ 
ture such as shown ifi-Fig. 301. It should be noted that the 
Norwalk bridge is continuous in sections of maximum length of 
100 ft. The structural steel work was designed to be self-support¬ 
ing during erection and to carry the erection stresses of the forms 
and the fluid concrete in the ribs, cross-girders, and sidewalk 
brackets. Although a deflection of \ in. at the free ends of the 
cantilevers was anticipated, a deflection of only i\ in. to § in. 
actually resulted due principally to the rigidity of the forms and 
to the fact that the concrete was continuously setting during the 
process of placing. The combined steel and concrete in the ribs 
was proportioned to carry the roadway slab, paving, and all live 
loads. The trusses were proportioned to carry all shear not safely 
taken by the concrete but were not proportioned to carry all the 
tension developed by the bending moment since extra horizontal 
rods were embedded in the concrete adjacent to the top chords 
of the trusses. The following information is given in a letter 
to the writer from Mr. W. Walters Pagon, Resident Engineer on 
the South Norwalk bridge: 

“No plans were made by the contractors for the forms around the ribs, 
but they were of standard construction made of in. dressed lumber 
secured to 4 X 4-in. studs, spaced about 2 ft. centers, and braced through 
the ribs by means of heavy twisted wire which passed around the waling 
pieces. These waling pieces were laid longitudinally and at vertical 
distances apart of approximately 5 ft. and consisted of 4 X 4-in. and 
4 X 6-in. timbers. The bottom forms were secured to the structural- 
steel frames which comprise the reinforcing for the ribs, by means 
of pairs of f-in. round bolts spaced every 12 J ft. At these points 
6 X 8-in. timbers were placed, supported by the bolts just, mentioned, 
and running transversely from outside rib to outside rib, their purpose 
being not only to support the bottom forms but also to brace the steel 
ribs together until the concrete cross beams were cast. The shape of the 
intrados of the ribs was segmental, relieved by little throe-centered 
fillets at the ends. The forms for these fillets were made up in advance, 
and were supported by the bolts at. the ends of tin* segmental curve. 

“We employed two types of steel ribs both built up of structural 
angles, but those for the concrete ribs, 24 in. in width, were made of box 
section and those for the intermediate concrete ribs were of I-section. 
My experience was that it was possible to get much bettor results with 



the wider beams because, owing to the fact that there was a 12-in. space 
between the angles of each flange, it was possible to pour the concrete 
into the middle of the rib; whereas in the narrow ribs the concrete while 
being poured was divided by the top chord into two parts which followed 
down the two sides of the rib, with the result that there was considerable 
difficulty encountered in preventing separation of the materials. I also 
found that it was inadvisable to use lattice bars on compression members, 
for in places where latticing was not used, but battens instead, the plac¬ 
ing of the concrete was very much facilitated.” 


CHAPTER XVIII 


REINFORCED CONCRETE IN STEEL BRIDGE CONSTRUCTION 


It is not the intention to go into great detail in this chapter 
in treating of reinforced concrete as applied to the supports and 
floors of steel bridges. The idea in including any discussion on 



Fig. 302.—Rcinforccd-concrcte (lock for stool girder spans on 
D. M. <fe N. Ily. 

this subject is simply to call attention to the fact that reinforced 
concrete is not limited strictly to bridges built entirely of concrete. 

75. Concrete Floors on Steel Bridges.—-Within recent years 
it has become the general opinion among railroad engineers that 
a ballasted solid floor is the most satisfactory form of floor for 
steel bridges. Perhaps the best type of such a floor is the re- 
inforeed-concrete slab resting directly on the steel-floor members. 

410 
























Figs. 302 and 303 show details of reinforced-concrete deck slabs 
for plate-girder spans. The slab floors are seen to rest directly 



'Half Section Single Track Slab Half Section.- Inside Slab 



End View 

Fig 303.—Standard rmnforeed-ttoncretc slab for deck girders of 
(VM.&Ht. V . Ry. 



Section of Floor 

Fkj 301.— -Iteinfoivod-eoncret.e floor for through plate girder bridge, 
(', B. & Q. R. R. 


upon the top flange of the steel girders. Comparison of the 
two designs is of value since they show a wide difference in the 


























*ae slabs are usually made at some c»nvwii*n/I, r ° ment 
hoisted into place when sufficiently cured R r CatJOn a «d 
ballast, the upper surface of the slabs is thoniugldy^te^roofed 6 
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bridge with steel floor members. On account of the ease with 
which forms may be constructed to hold the concrete, this 
bridge for short spans is sometimes used in preference to slab 
bridges of all concrete. The only disadvantage of this bridge 
is in point of economy. 

Timber floors for highway bridges are not in great favor at 
the present time. Since the expense of maintaining wood floors 
is considerable, the engineers of a number of highway eom- 


Elev. 360.&G 



Fui. U07. Section through bridge seat of typical reniforced-concrete abut- 

ment for stool bridges. 


missions design practically all steel bridges with concrete floors 
covered by a wearing surface of gravel or macadam, For 
exceedingly light traffic on country bridges, driving is some¬ 
times allowed directly on top of the floor slab, making an allow¬ 
ance of at least 1 in. in the thickness of the slab for wear and 
cutting transverse grooves to prevent slipping. Figs. 305 and 
306 show typical designs of reinforced-coneretc floors for steel- 
trnss snails. 






76. Remlorcea-concrete ADutmems ior oieer unages.—i<'or 
high abutments to steel bridges, the use of reinforced concrete 
leads to great economy. Abutments of this material for mod¬ 
erate heights are usually of the counterforted type (see Art. 12, 
Volume II) with the bridge seat formed by a heavy reinforced- 
concrete slab extending over the top of the supporting counter- 



Courtesy of Mr, 17. (\ Lathhoh, Knuim • r nf 1) i<ju, t‘. U. St. I*. A*?/. 

Fra. 308.—East abutment, Judith River viaduct, Chicago, Milwaukee & 

»St. Paul Hy. 

forts. A cross-section through a typical bridge stud is shown in 
Fig. 307. 

A skeleton type of reinforced-roneroto abutment has been 
adopted by the Chicago, Milwaukee*. & St. Paul Railway for stool 
viaducts of considerable height.. Abutments of this type* carry 
the track over the end slopes of high embankments in such a 
manner as to avoid the heavy horizontal earth pressures which 
would he developed if ordinary abut intuits were constructed 

























under the same conditions. Views of two typical skeleton abut¬ 
ments designed by this company are presented in Figs. 308 and 
310. The structure of Fig. 308 is shown in some detail in Fig. 
309. It should be noted that in these structures a high embank¬ 
ment need not be brought to an abrupt termination as the 



Courtesy of Mr. 77. C.Lothholz , Engineer of Design, C. M. <t: St. 7\ Ry. 

Fig. 310.—Skeleton abutments for .stool truss span on C'hioago, Milwaukee 
& St. Paul Ry. Timber trestle within abutments being removed. 


separated concrete shafts and cantilevered girders allow the fill 
to assume freely its natural slope. A valuable feature of this 
type of abutment lies in the fact that it can lx* eonstrueted 
in the midst of a timber trestle with very little interference with 
the timber work. 










PART III 

CULVERTS 

The term culvert is usually applied to structures built to 
carry surface water or small streams through highway or railroad 
embankments. When the area of waterway required is compara¬ 
tively small, a pipe culvert is usually the most economical. For 
the larger openings either the box or arch form should be employed 
depending upon the available head-room, the depth of fill, the 
condition of the foundation, and whether or not an artistic arch 
design is especially desirable. 

The ordinary type of arch culvert and the box culvert without 
a load-supporting floor (called open-box culvert) are in reality 
small bridges, and it is sometimes a question of how large such 
structures may become before they should be considered strictly 
in the bridge class. No arbitrary division will be adhered to 
in the following chapters except that a culvert will be kept in 
mind as a structure which can be completely and economically 
standardized, based on a given area of waterway and height of 
embankment. 


(TIAPTHR XTX 

FACTORS IN CULVERT DESIGN 

77. Culvert Efficiency. A culvert, to be efficient in the amount 
of water it can discharge should have its head-walls or wings 
arranged so as to facilitate* the flow, and its bed should be con¬ 
siderably inclined for those cases where the channel below the 
culvert will permit the water to flow away freely. If any well- 
defined stream bed exists, the bed of the culvert should have the 
same inclination as that of the stream, as otherwise either the 
outlet or inlet end will clog depending upon whether the slope of 
the culvert is greater or less respectively than the slope of the 
stream bed. 

Any projections in the culvert, bed should be avoided as they 
will retard the water and dimmish efficiency. It is also important 



that culverts be placed across roadways m the direction of the 
stream flow since, if this is not done, clogging and subsequently 
washouts will be likely to occur. 

A culvert will discharge twice as much under a head of 4 ft. as 
under a head of 1 ft., but water should not be allowed to darn up 
in this manner unless the culvert is well constructed through a 
water-tight embankment. 

78. Waterway Required.—Assuming an efficient culvert de¬ 
sign, the area of waterway required depends principally upon 
the maximum rate of rainfall, the area and shape of the water¬ 
shed, the kind and condition of the soil throughout this water¬ 
shed area, and the character and inclination of both drainage 
surface and stream bed. A number of empirical formulas have 
been proposed by which to calculate the required culvert opening, 
but obviously a problem of this kind does not admit of an exact 
mathematical solution and the desired size of culvert should be 
determined by direct observation whenever that is possible. 

In a new country an empirical formula is often the only method 
by which the required area of waterway can be determined. Tal¬ 
bot’s formula is the one most generally employed and is as 
follows: 

A = rVa* 

where A = area of waterway in square foot, a = drainage area 
in acres, and C is a coefficient which varies from I to J in the 
following manner: “For steep and rocky ground, C varies from 
| to 1. For rolling agricultural country subject to floods at 
times of melting of snow, and with the? length of valley three, or 
four times its width, C is about J; and if the stream is longer in 
proportion to the area, decrease <7. In (listrids not affected by 
accumulated snow, and when 1 the length of I lie valley is several 
times the width, J, J, or even less, may bo used. C should be 
increased for steep side slopes, especially if the upper part of the 
valley has a much greater fall than the channel at the culvert..” 1 

The proper area of waterway can best be determined by not ing 
the dimensions of existing openings on the same stream and by 
careful observation of the stream and the amount of wafer which 
it carries at flood times. This amount of wafer can lx* determined 
by measuring a cross-section of the stream at some narrow place 
near the culvert site. 

1 Selected Papers of the Civil KiigmoerH’ Club of the University of Illinois, No. 
page 14. * 




79. Length of Culverts.—The length of a culvert should de¬ 
pend upon the width of roadway and the depth of fill on top of 
the culvert. The slope of an earth fill can generally be taken as 
If to 1—that is, for every 1 ft. in height, the horizontal distance 
is 1| ft- 

In highway construction the roadway should never be narrowed 
at a culvert since such a practice is dangerous and the con¬ 
struction unsightly. 

80. Design of Ends.—The arrangement of the head-walls or 
wings may be substantially the same for all arch and box cul¬ 
verts. The arrangement should be such that the embankment is 
protected and the flow of water facilitated. Wing walls may be 
built parallel with or at right angles to the axis of the culvert, 
or they may be so placed as to make an angle (usually 30 or 
45°) with this axis. 

For the shorter spans (including spans for pipe culverts), 
wings parallel with the roadway are generally used for low 
fills and, in highway construction at least, these head-walls are 
carried up above the grade line to provide a low guard rail. 
This type, of end, however, is not economical for the larger 
spans since the st raight wings under such conditions need to be 
made of considerable length and height to retain the fill ef¬ 
ficiently. A low guard rail may be formed with flared wings by 
raising and coping both head-and wing-walls. The top of the 
wings, of course, should have a slope consistent with the slope 
of the earth fill. 

Flared wings, especially at the upstream end, are the best 
for hydraulic reasons arid, when used, the culvert is less likely to 
become choked than when either of the other two forms of wing 
walls are employed. Straight wings—namely, wings parallel 
to the axis of (hr* culvert arc of advantage in railroad con¬ 
struction when an extension of the culvert is likely to be made 
in the near future to accommodate another track. 

It is common practice to design wing and head-walls of suf¬ 
ficient length to keep the culvert opening clear when the earth 
is assumed to fall around the ends on a to 1 slope. In some 
cases a steeper slope could be assumed, but some soils take even 
flatter slopes than the standard. 

Box and arch culverts are built both with and without a floor, 
but in almost (‘very cast* the smooth waterway that can be ob¬ 
tained by using a concrete* floor will greatly increase the capacity 



vent any danger from erosion of the stream bed and undermining 
of the foundation. The floor at the ends of the culvert should 
be provided with an apron or baffle wall at its outer edge, and 
this wall should in all cases he carried as low as the bottom of the 
footings. If especially desirable, the floor should extend out to 
the end of the wing walls. 

Mr. C. B. McCullough, Designing Kngineer of the Iowa 
State Highway Commission, writes as follows in a letter to the 
writer under date of June 5, 1915: 

“I had the opportunity last summer to make an inspection of some 
seventy or eighty concrete bridges and culverts, a large number of them 
being culverts. These were structure's constructed before the going into 
effect of the present state highway law and, of course, in many cases 
were constructed without any engineering supervision of any kind. 
The foundations almost universally were curried to a very slight depth 
below the stream bed and in practically every case there was an utter 
lack of proper study of stream conditions. The most serious defects 
noticed in the inspection ns far as the small culverts were concerned 
could be traced to erosion of the creek bed. 

“A tabulation of some of the results disclosed by this inspection trip 
was published in our Service Bulletin for December, 1914. These and 
other observations have led me to believe that the fundamental principle- 
controlling the design of culverts is that erosion and the destructive 
effects incident thereto is greater in small spans than for large* ones, and 
that extraordinary care in placing these* foundations well below the line 
of ultimate scour is of the greatest importance.*’ 


CHAPTER XX 


PIPE CULVERTS 

One or more lines of pipe with suitable head-walls to protect 
the embankment is the simplest form of culvert. The pipe 
may be of burned clay, cast iron, plain concrete, or reinforced 
concrete; but, on account of frequent breakages, there seems 
to be a tendency at the present time to discontinue the use 
of vitrified and cast-iron pipe (including pipes of plain con¬ 
crete), except possibly in those localities where materials for mak¬ 
ing concrete are scarce*. All kinds of pipe culverts have the same 
type of concrete head-walls, consequently this chapter will treat 
only of pipe culverts of reinforced concrete. 



Corr. Bars 3"c.toc. 



Km. ail. —Reinforccd-concrete pipe. 


Since it. is desirable to make; as few openings as possible through 
an embankment., water is usually conducted along the side of 
the roadway until at. least, a 15-in. diameter of pipe is required. 
In the following discussion a pipe, of at least this size will be 
assumed. 

Reinforced culvert, pipes are usually made in from 4 to 8-ft. 
lengths, and with bell and spigot joints. The largest diameter 
of pipe yet, made is 72 in. The pipes usually have a hoop re¬ 
inforcement, which is near the interior surface at the top and 
bottom of the pipe, and near the exterior surface at the sides 
(Fig. 511). Pipe with a double line of reinforcing is also used, 
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sewer pipe, but the results apply equally well to culverts laid in 
trenches. The following summary of the general principles of 
the theory of loads on pipes in ditches (a theory which was de¬ 
veloped by reason of this investigation) is taken from the bulletin 
above mentioned. The correctness and reliability of this theory 
were demonstrated with remarkable closeness by actual weigh¬ 
ings of loads on pipes, the pipes ranging from 12 in. to 36 in. 
in internal diameter placed in ditches from 0 to 19 ft. in depth. 


TABLE NO 1.—APPROXIMATE SAFE WORKING VALUES OF “C ” 
THE COEFFICIENT OF LOADS ON PIPES IN DITCHES 


Ratio ^ 

i 

;Kor damp top 
Lsoil and dry 
land wet, sand 

I 

| 

j For saturated 
top soil 

For damp 
yellow clay 

For saturated 
yellow clay 

0.5 

0.40 

0.47 

0.47 

0.48 

1.0 

0.85 

0.80 

0.88 

0.90 

1.5 

1.18 

1.21 

1.25 

1.27 

2.0 

1.47 

1.51 

1.56 

1.62 

2.5 

1.70 

1.77 

1.83 

1.91 

3.0 

1.00 

1.90 

2.08 

2.19 

3.5 

2.08 

2.18 

2.28 

2.43 

4.0 

2 22 

2.35 

2.47 

2.65 

4.5 

2.34 

2.40 

2.63 

2.85 

5.0 

2.45 

2.01 

2.78 

3.02 

5.5 

2.54 

2 72 

2.90 

3.18 

6.0 

2.01 

2.81 

3.01 

3.32 

6.5 

2.08 

2.80 

3.11 

3.44 

7.0 

2.73 

2.05 

3.19 

3.55 

7.5 

2.78 

3.01 

3.27 

3.65 

8.0 j 

2.82 

3.00 

3.33 

3.74 

8.5 

2.85 

3.10 

3.39 

3.82 

9.0 

2.88 

3.14 

3.44 

3.89 

9.5 

2.00 

3.18 

3.48 

3.96 

10.0 

2.02 

3.20 

3.52 

4.01 

11.0 j 

2.05 

3.25 

3.58 

4.11 

12.0 

2.07 

3.28 

3.03 

4.19 

13.0 

2.00 

3.31 

3.07 

4.25 

14.0 | 

3.00 

3.33 

3.70 

4.30 

15.0 . 

3.01 

3.34 

3.72 

4.34 

Infinity 

3.03 

3.38 

3.79 

4.50 


For values of ^ not given in table, HuIIieiently accurate values of 11 C” 

can be obtained by interpolation. It = height of fill, above top of pipe, 
in feet. 
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II sb height 
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top of pipe 


"_= breadth of ditch a little below top „f pipo 


-<• i, 5 . 


Partly compacts .lamp (op.eoil 

__ 5,0 lb. per cu. ff. 


2 ft. 
4 ft. 
6 ft. 
8 ft. 
10 ft. 


130 

200 

230 

250 

200 


310 

530 

000 

800 

8S0 


490 

880 

U00 

1,430 

1,040 


8ntunited top soil IK) u,, 
per eu. ft. 


070 ; 8301 170 
1,230 1,580 i 200 
1,700 2,230 310 
2.120 2,790 340 
2,450 3,290 350 


280 ; ooo X 20 
070 1,090 I,. 5 i() 
870 1,500 2 , M 0 
1,030 1 , 8.30 2 , 000 j 
I, 1‘>0 2,100 3 , 120 ; 


1,020 

1,950 

2,780 

3,510 

4,150 



TABLE NO. 2.—APPROXIMATE MAXIMUM LOADS IN POUNDS 
PER LINEAR LOOT, ON PIPES IN DITCHES FROM COMMON 
DITCH-FILLING MATERIALS ( Continued ..) 


H = height 
of fill above 
top of pipe 


B = 

5 breadth of ditch a little below top of pipe 

1 ft. 

2 ft. 

| 3 ft. 

| 4 ft. 

r> ft. 

1 ft. 

2 ft. 

3 ft. 

4 ft. 

5 ft. 


Dry Hand 

100 11). per cu. ft,. 


Saturated sand 
120 lb. per cu. ft. 


2 ft. 

150 

340 

550 

740 

930j 

180 

410 

650 

890 

1,110 

4 ft. 

220 

590 

970 

1,360 

1,750 

270 

710 

1,170 

1,640 

2,100 

6 ft. 

260 

760 

1,320 

1,890 

2,480 

310 

910 

1,590 

2,270 

2,970 

8 ft. 

280 

890 

1,590 

2,350 

3,100 

340 

1,070 

1,910 

2,820 

3,720 

10 ft. 

290 

980 

1,820 

2,720 

3,650 

350 

1,180 

2,180 

3,260 

4,380 

12 ft. 

300 

1,040 

2,000 

3,050 

4,150 

360 

1,250 

2,400 

3,650 

4,980 

14 ft. 

i 300 

1,090 

2,140 

3,320 

4,580 

360 

1,310 

2,570 

oo 

'cO 

CO 

O 

5,490 

16 ft. 

300 

1,130 

2,260 

3,550 

4,950 

360 

1,350 

2,710 

4,260 

5,940 

18 ft. 

300 

1,150 

2,350 

3,740 

5,280 

360 

1,380 

2,820 

' 4,490 

6,330 

20 ft. 

300 

1,170 

2,420 

3,920 

5,550 

360 

1,400 

2,910 

4,700 

6,660 

22 ft. 

300 

1,180 

2,480 

4,060 

5,800 

360 

1,420 

2,980 

4,880 

6,960 

24 ft. 

300 

1,190 

2,540 

4,180 

6,030 

360 

1,430 

3,050 

5,010 

7,230 

26 ft. 

300 

1,200 

2,570 

4,290 

6,210 

360 

1,440 

3,090 

5,150 

7,460 

28 ft. 

300 

1,200 

2,600 

4,370 

6,390 

360 

1,440 

3,120 

5,240 

7,670 

30 ft. 

300 

1,200 

2,630 

4,450 

6,530 

360 

1,440 

3,150 

5,340 

7,830 

Infinity 

300 

1,210 

2,730 

4,850 

7,580 

360 

1,450 

3,270 

5,820 

9,090 


Partly compacted damp yellow clay Saturated yellow clay 
100 lb. per cu. ft. 130 lb. per cu. ft. 


2 

ft. 

160 

350 

550 

750 

930 

210 

470 

730 

1,000 

1,240 

4 

ft. 

250 

620 

1,010 

1,400 

1,800 

340 

840 

1,330 

1,870 

2,370 

6 

ft. 

300 

830 

1,400 

1,990 

2,580 

430 

1,140 

1,900 

2,630 

3,410 

8 

ft. 

330 

990 

1,720 

2,500 

3,250 

490 

1,380 

2,360 

3,360 

4,400 

10 

ft. 

350 

1,110 

2,000 

2,920 

3,880 

520 

1,570 

2,760 

3,980 

5,270 

12 

ft. 

360 

1,200 

2,220 

3,320 

4,450 

540 

1,730 

3,100 

4,560 

6,050 

14 

ft. 

370 

1,280 

2,410 

3,650 

4,950 

560 

1,850 

3,410 

5,050 

6,760 

16 

ft. 

370 

1,330 

2,570 

3,950 

5,400 

570 

1,940 

3,660 

5,510 

7,440 

18 

ft. 

380 

1,390 

2,710 

4,210 

5,810 

570 

2,020 

3,880 

5,930 

8,060 

20 

ft. 

380 

1,410 

2,830 

4,450 

6,180 

580 

2,090 

4,070 

6,280 

8,610 

22 

ft. 

380 

1,430 

2,920 

4,640 

6,500 

580 

2,140 

4,240 

6,610 

9,130 

24 

ft. 

380 

1,450 

3,000 

4,820 

6,800 

580 

2,180 

4,380 

6,910 

9,590 

26 

ft. 

380 

1,470 

3,060 

4,980 

7,080 

580 

2,210 

4,500 

7,160 

10,010 

28 

ft. 

380 

1,480 

3,120 

5,100 

7,310 

580 

2,240 

4,610 

7,380 

10,430 

30 

ft. 

380 

1,490 

3,170 

5,230 

7,530 

580 

2,260 

4,700 

7,590 

10,780 

Infinity 

380 

1,520 

3,410 

6,060 

9,480 

580 

2,340 

5,270 

9,360 

14,620 





the value to use for ll is tlu* height oi the fdlmgabove the topof the pipe 
and the value for B is the breadth of the ditch a little below the top 0 f 
the pipe. The width of the ditch above the pipe makes practically no 
difference in the load on the pipe, which is just as grout for a vertical 
ditch as for one several times as wide at the top but of the same width a 
little below the top of the pipe. 

5. “In ditches of proportions customary in actual work, the diameter 
of the pipe used in any particular ditch of a fixed given width makes 
practically no difference in the* load on the pipe. A 12-in. pipe will have 
to carry the same load as an IS-in. pijK*, if both an* placed in ditches 2 ft 
wide under other similar conditions. 

6. “The width of the ditch a little* below tin* top of the pipe makes a 
great difference in the load on the pipe, which is very much heavier for 
wide than for narrow ditches (see Table No. 2). 

7. “In case a wide ditch is necessary for constructive reasons, the 
load on the pipe can be diminished greatly, in firm soil, by stopping the 
wide ditch a few inches above tin* top of the* pipe and digging in the 
bottom the narrowest ditch practicable to receive the pipe, making bell 
holes at the side for the sewer pipe*, if necessary. 

8. “The loads on pipes in ditches, due to the weight of ditch filling 
increase for greater depths of fill, but the proportion of the total weight 
of filling carried by the pipe decrease's as tin* depth increases, and after 
the depth of fill becomes equal to ten times the breadth of the ditch at 
the top of the pipe there is practically no further increase in the load on 
the pipe for greater dept Its. 

9. “The loads on pipes in ditches, due to the weight of ditch filling, 
are directly proportional to the weights per cubic foot of the ditch-filling 
materials. Of the common ditch-filling materials, clay is the* heaviest 
and black top soil the lightest, sand being intermediate. For safe 
weights per cubic foot, see Table No. 8. 
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10. “Grades or fills built over the surfaces of completed ditches, and 
piles of sand, gravel, and other materials having internal friction, 
operate to increase the loads on pipes in ditches to the same extent as an 
equal added height of ditch filling, for a breadth of ditch equal to that 
at a little below the top of the pipe. 

11. “A super load is any load applied to the upper surface of the ditch 
filling, except loads from fills or heaps of granular materials. A long 
super load is one extending a considerable length along a ditch, as 
compared with its depth and breadth, and may be caused by piles of 
paving brick, lumber, etc., over the ditch. Long super loads on com¬ 
pleted ditches cause increases in the loads on pipes in ditches by per¬ 
centages of the super load which decrease as depth increases, and safe 
values for which can be computed by Table No. 4. Formula (4) has been 
closely checked by actual weighings of the increase in loads on pipes 
in ditches due to super loads. 

TABLE NO. 4.—APPROXIMATE SAFE VALUES OF C l TO USE IN 
FORMULA J n p = CUx 

Lip = loads per unit of length, on pipes in ditches, due to Ll 

Li = long super loads oil ditches, per unit of length. 
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12. 11 A short super load is one extending a short distance along a 
ditch as com pared with tin* breadth and depth, and may come from the 
wheels of wagons, traction engines, steam road rollers, etc. Short 
super loads, on completed ditches, cause increases in the loads on pipes 
in ditches by percentages of the super load which decrease as the depth 
increases, and safe values which can be estimated, but not very reliably, 
by Table No. 5. Table* No. 5 has not been checked by actual weighings 
of increase of loads on pipes in ditches. 
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Lap « loads per unit of length, on pipes in ditches directly under L,, 
due to L s . La « short super loads on ditches, per unit of length, of length 
A along ditch. 



II * height of fill in ditch, above top of pipe. 

B » breadth of ditch, a little below top of pipe. 

K — ratio of lateral pressure to vertical in the diteh filling. 

A'o ** ratio of longitudinal pressure to vertical in the diteh filling. 

Values of Cm for A'o =* () are giv<‘n in Table No. 4. 

The formula L (\L„ holds true only directly under I,a- Beyond L«, in either direc¬ 
tion, the intensity of load on the pipe diminishes rapidly. 

13. “Cracking of pipes in ditches is sometimes caused by heavy 
tamping of the filling material over it, or too thin a cover layer. The 
pressures transmitted to the pipe by tamping with rammers of different 
weights on cover layers of different, thicknesses may lie estimated, 
but only approximately, by the aid of Table No. 5 and the following 
formula: 



where T e = the maximum pressure on the earth filling resulting 
from the shock of a blow of the rammer. 

T = weight of rammer used in tamping. 

F = height of fall of rammer. 

/ = compression of filling material under one blow of rammer 
at the end of the tamping. 


























14. “ Ordinary ditch sheeting may cause some increase in the loads 
on pipes in ditches from fresh filling, but does not increase the probable 
maximum loads unless left in permanently. 

15. “Freezing, and consequent horizontal expansion of the sides of 
ditches against the sides of the pipe, sometimes causes cracking of 
drain tile and sewer pipe, where they are not covered sufficiently deep. 

16. “The general effect of the lapse of time after the completion of 
the refilling is to decrease rather than increase the loads on pipes in 
ditches, though the maximum loads, as indicated in principle 2 above, 
generally do not occur until some time after the refilling is finished, 
and under certain conditions may not occur for many years.” 

The following examples are given in the bulletin from which the 
above principles are taken: 

“Example 1. What load should be provided for as imposed by a pile 
of paving brick 6 ft. high on a 24-in. pipe sewer, whose top is 6 ft. below 
the street surface, the ditch being 3 ft. wide at the top cf the pipe and 
the filling yellow clay? 

“ Solution . The weight of the paving brick as piled would probably 
be about 125 lb. per cubic foot. Hence Li would be 125 X 6 X 3 = 
2250 lb. per linear foot. If the ditch filling has been deposited recently 
and is not in danger of saturation, would be taken from Table No. 4, 

for damp clay, and for a value of ^ ^ ==2. Hence L Xp = 0.59 X 

2250 = 1300 lb. per linear foot. 

“If the clay filling has been thoroughly consolidated for a sufficient 
time to develop cohesion, L Xp would be much smaller, unless there is 
danger of saturation, as by heavy rains, which might destroy the cohesion. 
If the soil were sand instead of (lay, however, cohesion would probably 
not greatly affect the result, and L Xv would be 0.52 X 2250 = 1200 lb. 
per linear foot. 

“Example 2. The wheel of a steam road roller is 22 in. wide and 
carries a load of SOOO lb. When rolling transverse to the street, what 
load will it impose on an lX-in. pipe sewer in a recently settled ditch, 
2\ ft. wide at the level of the pipe, with 7\ ft. height of yellow-clay 
filling? 

“ Solution . The length A of load in this case is 0.73 B. The value of 
// 7 5 

^ = t) * 3.0. Assuming that the longitudinal pressure in the ditch 

filling is one-half the lateral, and interpolating in Table No. 5 between 
the values of 0.25 for A H and 0 for A = we find that C« =* 


approximate! 


Hence, approximately, L t 


0.18 X ^ = 800 


lb. per linear foot. 
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case of an old ditch, with clay filling, as already noted in Example 1. 

“As illustrating the possible degree of uncertainty in the above com¬ 
puted result, due to the fact that we are uncertain as to the proper 
value of K a , the ratio of longitudinal to vertical pressure in the ditch 
filling, we may note that in Example 2: 

For K a = 0, C» = 0.45, approximately (see Table No. 4). 

For K a = -I A", C s = 0.18, approximately (see Table No. f>). 

For K a = K, = 0.10, approximately (see Table No. 5). 

“Evidently calculations made from Table No. 5 are not very reliable, 
and there is great need of a series of tests of the actual loads on pipes 
caused by short super loads, but such tests would be very difficult to 
make and test results are not available. 

“In the meantime, Table No. 5 will be of some value to engineers of 
good judgment in assisting them to make reasonable safe allowances for 
the probable effect on the loads on pqw»s in ditches from heavy concen¬ 
trated loads on wagon wheels, traction engines, and road rollers. 

“Example 3. What loads were probably imposed on a sewer pipe 
where a 40-lb. rammer on (5-in. cover apparently caused some cracking, 
and was superseded later with success bv a 30-lb. rammer on 12-in, 
cover, the rammer being 8 in. square, and the tilling material clay? 

“ Solution . Since the ramming was carefully inspected and was 
required to be very thorough, it seems reasonable to assume that the 
height of fall was at least 0.5 ft. and that the ramming was continued 
until a compression of about f in, (0.01 ft.) was produced by one 

blow. Hence r l\ = 2 X 40 X ^ 4000 11 >. for tin* 10-lb. rammer. 

In Table No. 5 we find for [[ 0.75, A\, A' A - B. under 

J> U.fii 

damp clay, that about (52 per rent, of 7',, or 2500 lb., would be trans¬ 
mitted to an area of the pipe 8 in. square, directly under the rammer, 
with a total shock load on the pipe somewhere* bet ween 2500 andiOOO lb. 

“For the 30-lb. rammer with 12-in. cover, and perhaps 0.015 ft. 
compression under the final blow, T, 2000 lb., with 38 per cent, or 
800 lb., transmitted to an area of tin* pipe s in. square, directly under the 
rammer, and some; further pressure outride this area. 

“From these results it is apparent: First, that the 40-lb. rammer on 
the 6-in. cover may readily have caused some cracking of tin* pipe; 
second, that the 30-lb. rummer on the 12-in. cover was probably not 
much, if any, more than one-third as severe on the pipe.” 

82. Strength of Pipe.—The theori *<ieul analysis of stresses in 
culvert pipe is that of thin elastic rings and is similar to the 
general method employed for arches. The difference in the 


intensity of the load at the crown and at the extremities of 
the horizontal diameter, due to the difference in the depths of the 
earth, is considered negligible, and the pressure and its distribu¬ 
tion on the lower half of the ring is assumed to be the same as 
that on the upper half. 

Theory gives the following values of the bending moment at the 
top and bottom sections of a pipe: 

(I) For single concentrated load (top and bottom )..M = 
0.159 Pd. 

(II) For total uniformly-distributed load over entire horizontal 
projection (top and bottom). .M = 0.0625 Wd. 

(III) For a uniformly-distributed load over the top fourth of 
the circumference and with the pipe supported on its bottom 
quarter circumference. .M = 0.0S45TFd. Where 

d = diameter of pipe. 

P = concentrated load at top. 

W = total uniformly-distributed load above horizontal 
diameter. 

M = bending moment in pipe in a unit length. 

The bending moments at the ends of the horizontal diameters 
under the above conditions of loading are: 

I. .M = - 0.09 lPd 
II. .AT - - 0.0625 Wd 
III. .M « - 0.077 Wd 

The above moments will be reduced for any lateral restraint or 
lateral pressure. In fact, for equal uniform horizontal and uni¬ 
form vertical forces (which may be considered equivalent to a 
uniform radial pressure) the moments due to the lateral forces 
have equal but opposite signs to those given for Case II above, 
and it can be proved that the total moments at all points are zero. 
It is not good practice 4 , however, to rely on any lateral restraint 
or pressure in the analysis of the strength of pipes. Mathemat¬ 
ical analysis shows that the weight of pipe causes only five-eighths 
as much bending moment at the lowest point of the pipe as does 
an equal weight of earth. 

Since the exact, load and the nature of its distribution over the 
pipe surface is usually uncertain, the probable range of bending 
moments under actual conditions of construction is all that 
laboratory tests can be expected to furnish. In a series of tests 
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pipe (48-in. internal diameter and 4 in. thick) were tested for 
concentrated loads at the top and bottom of the vertical diameter 
(Case I above), and for uniformly-distributed loads above and 
below the entire horizontal diameter (Case II above). This 
latter loading was obtained by placing the pipe in a tight box 
so as to be entirely encircled with sand and then applying a load 
to the top surface of the sand. The reinforcement for most 
of the rings tested consisted of J-in. corrugated rods placed near 
the intrados at top and bottom and near the extrados at the sides. 
The rings were only 24 in. long, but the pipe sections were from 
102 to 104 in. in length with the usual bell and spigot joints. 
To allow the circumferential reinforcement in the pipes to be 
circular in shape, the pipe cross-sections ( Fig. 311) were* made with 
the vertical diameter 4 in. longer than the horizontal diameter, 
thus bringing the reinforcement at the points of tension in the 
loaded pipe. Using the yield point of tin* steel in the common 
formula for the bending resistance of a reinforced section, there 
was found a close agreement between the 1 theoretical and experi¬ 
mental values for the strength of pipe* under these two methods 
of loading. 

Marston and Anderson, in the investigation referred to in the 
preceding article, came to the conclusion that “tin* typical field 
bedding and loading of pipes in ditches art* such that their effect 
on the pipe can bo reproduced with practical exactness in labora¬ 
tory tests by bedding the pipes in sand during the tests for 90° 
of the circumference at the bottom and also for 90° at the top.” 
This method of loading is Case III above. In the Iowa investi¬ 
gation the weight of the pipe as well as that of the backfilling 
was taken into consideration. 

The manner in which the formulas given above may serve as a 
guide to the judgment is indicated in the following extract from 
Bulletin No. 22 of the Hngineering Kxperimenf Station of the 
University of Illinois: 

“If the layer of earth immediately under the pipe is hard or un¬ 
even, or if the bedding of the* pipe at either side is soft, material or 
not well tamped, as indicated in Fig. 3 Kim). t hi * main hearing of the 
pipe may be along an element at the bottom and the result is in effect 
concentrated loading. The result is to greatly increase the bending 

1 Seo Bulletin No. 22 of the KiiKiiiffritiK Kxficrimi'nt Station of the t iuvenuty of Illinois 
—written by Prof. A. \\ Tnlbot. 




moment developed and hence the tendency of the pipe to fail. This 
condition may be aggravated in the case of a pipe with a stiff hub or bell 
where settlement may bring an unusual proportion of the bearing at the 
bell and the distribution of the pressure be far from the assumed con¬ 
dition. In bedding the pipe in hard ground it is much better to form 
the trench so that the pipe will surely be free along the bottom element, 
even after settlement occurs, and so that the bearing pressures may 
tend to concentrate at points, say under the one-third points of the hori¬ 
zontal diameter (or even the outer quarter points). This will reduce 
the bending moments developed in the ring. 

“In case the pipe is bedded in loose material, the effect of the settle¬ 
ment will be to compress the earth immediately under the bottom 
of the pipe more completely than will be the effect at one side, as in¬ 
dicated in Fig. 313(6), with the result that the pressure will not be 
uniformly distributed horizontally. Similarly, in a sewer trench, if 
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Fig. 313.—Conditions of loading. 


loose material is left at the sides and the material at the extremity 
of the horizontal diameter is loose and offers little restraint, as indicated 
in Fig. 313(c), the pressure on the earth will not be distributed hori¬ 
zontally and the amount of bending moment will be materially different 
from that where careful bedding and tamping give an even distribution 
of bearing pressure over the bottom of the sewer. 

“In case of a small sewer in a deep trench, the load upon the sewer 
may be materially less than the weight of the earth above, as in the 
case shown in Fig. 313(d), where the earth forms a hard compact 
mass and is held by pressure and friction against the sides of the trench. 

“In ease a culvert pipe is laid in an ordinary embankment by cutting 
down the sides slopingly, as shown in Fig. 314(a), it is evident that the 
load which comes upon the pipe will be materially less than the weight 
of the earth immediately above it. If. a culvert pipe replaces a trestle 
and the filling is allowed to run down the slope as shown in Fig. 314(6), 
the direction and amount of the pressure against the pipe will differ 




level filling, shown in Fig. 314(f). It is possible in the latter ease that 
the smaller amount of settlement of the earth directly over the culvert 
pipe, due to the greater depth of earth on the adjacent sections, may 
allow a greater proportion of the load to rest upon the culvert pipe than 
would ordinarily be assumed. 

“ Attention should be called to the fact that the distribution of the 
pressure by means of earth under and over a ring assumes that the 
earth is compressed in somewhat the same way as when other material 
of construction is given compression. Unless the earth has elasticity, 
the distribution of pressure cannot occur. To secure the uniform 
distribution assumed, the ring itself must give enough to allow for 
the movement of the earth which takes place under pressure. This is 
especially true with reference to the presence and utilization of lateral 
restraint, and a ring which does not give laterally, as for example a 
plain-concrete ring, will not develop lateral pressure in the adjoining 




Fi<J. 314.-—Conditions of loading. 

earth under ordinary conditions of moisture and filling to any great extent. 
As the conditions of earth and moisture produce mobility and approach 
hydrostatic conditions, the necessity for this elasticity and movement 
does not exist, but here the lateral pressure approaches the vertical 
pressure in amount and the bending moments become relatively 
smaller. 

“The discussion is sufficiently extended to indicate the importance 
of care in bedding culvert pipe and sewers and in filling over them, and 
to indicate the great difference in the amount of bending moment 
developed with different conditions of bedding and filling. Where 
there is any question of needed strength, it will be money well expended 
to use care and precaution in bedding the pipe and in filling around 
and over it. I am convinced that a little extra expense will add con¬ 
siderable stability, life, strength, and safety to such structure's, far 
out of proportion to the added cost. It is possible that, under careful 
conditions of laying, lighter structures may be used with a saving in the 
cost of construction.” 



^ 5 Plan Section of Barrel 

Fig. 315.—Standard design for 24-in. circular culvert, Iowa Highway 

Commission. 
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Fir,. 31 (>. -Collapsible, ad just,able wood form for concrete culverts from 18 

to 48 in. diameter. 





83. Circular Culverts Cast in Place.— A east-in-place culvert 
with circular opening is shown in Fig. 315. Fig. 316 shows an 
adjustable, collapsible wood form which can be very economic¬ 
ally used for culverts of this type. It was originally designed by 
Mr. F. H. Meliza, Farmer City, Ill., and was mentioned in the 
Illinois Highway Commission report for 1907 and in a bulletin 
on highway improvement by Mr. W. S. Gearhart, Highway 
Engineer of Kansas, which was issued by the Kansas State Agri¬ 
cultural College. 

The method of constructing and using this form is described as 
follows in a booklet entitled “Small Concrete Bridges and Cul¬ 
verts,” published by the Universal Portland Cement Co.: 

“This form is constructed of two by four's beveled and strung on 
wires, as shown in Fig. 316. The number of staves to be used, vary¬ 
ing with the size of the culvert, are placed side by side with a wire drawn 
through each end of the stave as shown. The form is then rolled 
around a circular head size of the proposed culvert and wire hands are 
tied tightly around it on the outside. Wedges art; then driven as shown 
in Fig. 316 to hold the staves firmly in position. After the culvert has 
been built the wedges are removed and the circular heads knocked in; 
the staves will then collapse and are easily removed. This form can 
be used over and over again and Mr. (Jearluirt states that its cost 
should not exceed SI5.00 or $20.00.” 



CHAPTER XXI 


BOX CULVERTS 

The box type of culvert is especially adapted to locations 
where the head-room is limited and, when planned for such loca¬ 
tions, has a great advantage over the arch. A culvert of this 
type, for example, can be built with less excavation and less 



disturbance to the embankment and will give a greater distribu¬ 
tion of load upon the foundation than the ordinary form of arch 
culvert. Also, the form work for this type is much simpler and 
the cost of construction correspondingly lower, except perhaps 
in some cases where the number and size of culverts to be con- 
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steel. Box culverts are not always employed only under shallow 
fills, as is evident from Figs. 320 and 321. 
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Fig. 318.—Standard culvert of (>-ft. span, Hampden R. R. 
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Fkl 319.—Double 9 X 0-ft. box culvert, A. T. k S. Fe. Ry. system. 

84. Forms of Box Culverts.—There are two distinct forms of 
box culverts which may be distinguished by the terms open box 












and closed box. In the open box (Fig. 317) the side walls have 
dependent footings, while in the closed box (called simply box) 
the load is supported by the floor (Fig. 318). Double-box 
culverts (Fig. 319) are generally used where the span is equal 
to, or greater than, twice the height, as the use of a single box 
beyond these proportions greatly increases the cost. 

85. Loading. —For small box culverts built in trenches the 
load on the top slab may be approximately estimated by means of 
the formulas and tables in Art. 81. For large box culverts and 
for all culverts not built by trench construction, no allowance 
should be made for the arching action of the material, which 



Courtesy of Mr. Wm. E. Beilharz, Architect and Engineer, Dallas, Texas. 

Fid. 320.—Box culvert on lines of Eastern-Texas Traction Co. 


means that such culverts should be proportioned to carry the 
entire weight of the fill above the cover slab. The lateral pres¬ 
sure of the earth (including live-load surcharge) is usually assumed 
as that due to a fluid weighing about 30 lb. per cubic foot—that 
is, a weight about one-fourth the weight of earth. It is obvious 
that the pressure due to live load does not spread out through 
the filling at the ordinary angle of repose of the material, but has 
a side slope, or line of zero stress, much more nearly vertical. 
It is frequently assumed that the live load is carried down at a 
slope of I horizontal to 1 vertical. In railroad embankments 
this slope is taken from the ends of the ties. 







An allowance is usually made tor impact ot me live load m the 
design of railroad culverts. Some designers allow 50 per cent 
for impact on all banks up to 40 ft. high. A more conservative 
plan often followed is to allow 100 per cent for fills of less than 
2 ft., 75 per cent for fills between 2 ft. and 4 ft.,'and 50 per cent 
for all fills over 4 ft. 




86. Design of Cross-section. —The top slab of a box culvert is 
partially fixed, but it is the general practice to design this slab as 
simply-supported and to reinforce at the corners against negative 
bending. Negative reinforcement,, however, is not always pro¬ 
vided (see Fig. 319), in which ease the sides and top art as simple 
beams and more or less cracking occurs on the outside near the 
comers. The walls or sides of a box culvert, are usually de¬ 
signed somewhat empirically, but are always provided with suf¬ 
ficient strength to support the lateral earth pressure, neglecting 








any outward bending due to the bending of the cover slab. 
In open-box construction, cross struts are often used to assist 
in holding the footings against the pressures on the walls and 
also to provide bearing area in addition to that furnished by 
wall footings (Fig. 322). The struts are designed as beams with 
a span equal to the width of the culvert, and the struts are so 




Knj. 222.—Single; box culvert, C. M. & St. P. Ry. 


spaced and proportioned as to obtain a uniform soil pressure 
throughout. When a bottom slab is employed and assumed 
to support the load, its thickness is made the same as that of the 
cover slab since the load for both slabs is substantially the same. 
Longitudinal reinforcement should be provided on account of 
the possibility of beam action due to unequal settlement. The 
amount of this reinforcement should depend upon the char- 

















bad, it is the practice of some engineers to figure the culvert as 
a whole to act as a beam, considering the length of beam as 
twelve times its depth. In long culverts under railroad tracks 
the load decreases beyond the ends of the ties and the cross- 
section should decrease whenever a material saving is found to 
result. 

In Fig. 322, which illustrates a standard box culvert adopted by 
the Chicago, Milwaukee & St. Paul Railway, the cover is de¬ 
signed as a simply-supported slab with span equal to (dear span 
when fillets are used and to clear span plus one-half the maximum 
cover thickness (but not to exceed 1 ft.) when no fillets are 
provided. Stirrups and bent rods are employed to take care of 
two-thirds of the shear when the shear exceeds 40 lb., bent rods 
being also used to care for any negative moments which may 
develop due to connection with side walls. Longitudinal steel 
is employed with a sectional area of about jl o of the area of 
the entire concrete section. The side-walla, cross struts, and 
footings are proportioned in the same manner as above de¬ 
scribed. Keyways are formed in top of footings and side-walls 
so as to offer shearing resistance to movement of side-walls due 
to lateral earth pressure. For fills up to 40 ft., the load on the 
footings is assumed to include the live load and dead load of 
culvert, and the fill directly above the culvert for the width 
overall including footings. For fills over 40 ft. high, the total 
weight resting on the footings is considered as 62} per cent of 
the culvert weight plus (>2| per cent of the fill above the 
footings. The live load is disregarded and, for ease in com¬ 
putation, the weight of culvert is taken as equal to the fill it dis¬ 
places. Wing walls over 8 ft. in height or making an angle of 
less than 60° with the head-wall are made self-supporting 
cantilevers with a joint at connection with the barrel. Wing 
walls for all other conditions are made continuous with the main 
part of the culvert. The section of the culvert coming under 
the track is made approximately equal in length to the theoretical 
spread of the live load, which is equal to the* distance out to out 
of ties (8 ft. for single track, 21 ft. for double track) plus the 
height of culvert plus one-half the height of fill above the cover 
slab. The invert is paved with a concrete slab in all spaces 
between struts so as to form a continuous concrete invert. 

A somewhat rigorous analysis is sometimes made of the moments 


in box culverts when such culverts are reinforced so as to act as 
monolithic concrete boxes (Figs. 318 and 321). Of course, it 
becomes a question of whether such accurate analysis, compara¬ 
tively speaking, is especially worth while. Unless a number of 



Fig. 323A. 


identical culverts are to be constructed, the amount of material 
involved is likely to be too small to warrant any great refine¬ 
ment in design. 



Case IV. Case V 

Fig. 323B. 

Assume the rectangular culvert of Fig. 323A to be rigidly 
fixed at the center of the bottom slab. With this condition as¬ 
sumed, a unit length of the culvert may be treated in the same 
manner as a symmetrical arch with fixed ends. (See Fig. 323A.) 
The general formulas of Art. 14 will apply and the following 
expressions result: 
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in which 

m = moment at any point on either half of culvert of all 
external loads between the point and the crown section 
—all values should be substituted in equations as 
positive. 

2 = summation referred to one-half of culvert only. 

Let 

b = width c. to c. of side walls. 

h = height between centers of top and bottom slabs. 



Ic = moment of inertia of cross-section of top and bottom 
slabs, considered alike. 

I D = moment of inertia of cross-section of side walls, con¬ 
sidered alike. 



P = concentrated load. 
w = uniform load per unit area. 

Me = moment at center of lop slab. 

Mb = moment at center of bottom slab. 

Mb = moment at center of side walls. 

M a and 

M b = moment at the upper and lower corners, respectively. 
He = thrust at the center of the top slab. 

V c — zero for symmetrical loading as is the case in the 
analysis of culverts. 

Mi and 

M R = moment at the center of any element, to the left and 
right of the crown section, respectively. 

The bending moment at any point may be expressed as follows: 


Ml — Mq + He y + Vq x ?n 
Mr = Mq + Hq y — Vc x ~ m 
The following formulas result: 
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M d = M 0 = M b = Me- |P6 

For a square uniform section, M c = ^ Pb, and M D = — 
Pb. 

For a square uniform section and for equal vertical and lateral 
forces Me = Mp = %Pb and M a = M b = — \Pb, the same as 
in fixed beams. 


Case II. 
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M b = Me + H c h --f = M a + H c h 


Case III. 


He = ( He for Case II) + f wh 
Me = (M c for Case II) - ~ 

M b = M c - \ w (b 2 + h 2 ) - H c h 
M a = M c - ™ 

M d = M a - \ wh 2 - 
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Case IV. 


H c = 0 


Me — Mb = 


wb 2 /R + 3S\ 
24 \ R + S ) 


M D = M a = M b = M c - \ wb 2 

For a square uniform section, Me = ,V wb 2 and M D = — .x 
wb 2 . ' U 


For a square uniform section and for equal vertical and 
lateral forces M c — M D — wb 2 and M„ — AI b = — ^wb 2 , 
the same as in fixed beams. 


Case V. 

He = § wh 

Me = Mb = (Me for Case IV) - *** J 

M a = M b = Me — 8 irft 2 
Mjy — M a + ^.y W/ 2 



87. Construction.—The inside forms for small box culverts 
are usually arranged to be collapsible* or at least so that the 
frames against which the lagging is placed may be easily knocked 
out after the concrete has properly set. In Fig. 324 the inner 
forms consist of boards placed against frames made of three 
pieces of 2 X 4-in. and one piece of 2 X 6-in. joists, notched as 
shown. 
































The 2 X 6-in. piece at the top is not nailed in order that it may 
be readily knocked out after the concrete has hardened. The 
removal of this piece allows the 2 X 4-in. joists to be withdrawn, 
thus releasing the boards. Where the soil is hard and compact, 
the outer forms may be omitted and the concrete deposited 
directly in the trench made to exact size of culvert cross-section. 
Another type of small box culvert form is shown in Fig. 325. 

The forms for large box culverts need no special consideration 
as they are similar to the forms for walls and floor slabs in ordi¬ 
nary construction. Standard form details adopted by two 
prominent railroads arc shown in Figs. 32(5 and 327. 

If running water is encountered which cannot be temporarily 
diverted or dammed, the water in the ease of small culverts 
should be carried in a new trench around one side of the back 
forms. In the case of the larger structures the trench excavated 
for the culvert should be arranged to flume the stream through 
between the abutments. 



CHAPTER XXII 


ARCH CULVERTS 

The arch type of culvert should be employed where an artistic 
design is especially desirable, and should also be used in all cases 
where the fill to be supported is excessively high and the founda¬ 
tions suitable. High fills over box culverts necessitate a slab 
of considerable thickness and the arch becomes the more eco¬ 
nomical under such conditions because of the fact that an increase 
in fill does not produce a corresponding increase in ring stress. 
Arch culverts of reinforced concrete are not usually designed for 
spans less than about 8 ft., as plain concrete seems to answer 
the purpose for such small structures. 



Fxo. 328.—Standard design for 10-ft. arch culvert, State of Missouri 
Highway Department. (Actual dimensions and shape of foundations gov¬ 
erned by conditions of soil at location of site.) 

88. Design of Cross-section.—In the ordinary type of arch 
culvert represented in Fig. 328, the arch ring may be analyzed 
in the same manner as described for arch bridges in Part I of 
this volume. A uniform live load only is considered and this is 
placed over the whole span. Although steel is used, the line 
of pressure is usually kept everywhere within the middle third. 
In determining the dead load on the arch no allowance is made 
for the arching action of the fill, but the horizontal components 
of the earth pressure are taken into account. Longitudinal 
reinforcement is needed to prevent objectionable cracks caused 
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due to a lowering of the temperature, and also to distribute the 
load. 

Inverts are employed in the designs shown in Figs. 329 and 330 
in order to provide additional bearing area and thus reduce the 
large abutments which would otherwise be needed in order to 
bring the pressure on the soil to a safe value. An invert also 
tends to prevent any possibility of water undermining the 



Ft<;. 329.—Standard arch (advert for fills up to 10 f(. high, C \ M. A; Si. 1\ Ry. 

structure and the foundation need not always be carried to the 
same depth as when the. abutments an* independent of each 
other. 

When the arch ring and invert an* thoroughly tied together 
so as to act as a monolith (a ran* case except in masonry sewer 
design), the entire culvert may be analyzed in a similar manner 
to that of the monolithic box (see preceding chapter). For a 
complete treatment of arch structures of this type, see Chapter 
XIII of American Sewerage Practice, Vol. I, by Metcalf and 
Eddy. 







End Section 


End Elevation 


Maximum Fi/I xover Crown * 90 ft 



Section -of Barrel 

i. :VM). —Double-barrel culvert, D. L. & W. R. R. 



















89. Forms. —The centers and forms for the arch culvert are 
similar to those required for the arch bridge of small span. 
Where inverts are employed, the concrete for the. footings and 
floor in the stream bed should be deposited first and then the 



Fia. 332.—Centering for arch culverts. 
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centers for the arch erected on this concrete. Fig. 331 shows the 
type of arch culvert centers and forms used by the Chicago, 
Milwaukee and St. Paul Railway. Other types of centers are 
shown in Figs. 332 and 333. 










PART IV 

NOTES ON CONSTRUCTION PLANT 


By A. W. Ransome 

Vice-President of the Ransome Concrete Machinery Co. 

General rules governing the selection of plant have been given in the 
preceding volume. Inasmuch as the rules there set forth will be found 
applicable to the selection of plant for bridges and culverts, the reader is 
advised to refer to these rules in Volume II in connection with the con¬ 
siderations which follow. 

The primary consideration that plant is but a substitute for labor, and 
that no more should be invested in plant than will yield a good return 
on the investment, is so important as to bear repetition. This relation 
is apparently lost sight of in many cases. Perhaps it is too obvious, too 
axiomatic, and is consequently ignored; but then, again, it maybe prob¬ 
able that this mistake is the result of lack of reliable information on 
which to base an accurate comparison of costs between hand labor and 
the various types of construction plants. 

In the treatment of plant in this volume all phases of plant operation 
will be considered, avoiding as far as possible a repetition of the subject 
matter treated in Volume II. A certain amount of repetition is un¬ 
avoidable, however, lest the reader be kept looking from volume to 
volume to the degree of discouragement. 

CHAPTER XXIII 

HANDLING MATERIALS 

90. Aggregates.—Plant will be considered to include the cars in 
which the aggregate may be delivered by the railroad. The type of 
ear used often exercises considerable influence on the cost of handling, 
so, where such is the case, it is important to specify the manner in 
which delivery is to be made. Care in this respect will be found to work 
a decided economy in carrying out the average contract, and the condi¬ 
tions of delivery may even determine the placing of the material order 
at a higher price. 

Take, for example, two quarries located on different railroads, one 
railroad prepared to supply only hopper-bottom cars, the other to 



furnish fiat-bottom cars. Assume now unit me pum oi operation in¬ 
volves unloading the stone by shoveling, and assume also that one 
quarry, on railroad No. 1, quotes SI.30 per cubic yard, and the other, on 
railroad No. 2, quotes $1.32 per cubic yard. It will be found cheaper 
in the end to order your material at $1.32 per cubic yard, for the reason 
that you can more than save the difference in cost in unloading. 

A good man, under efficient superintendence, can unload 2 cu. yd. 
per hour from a flat-bottom car, as against 1J cu. yd. per hour from 
a hopper-bottom car—a saving of at least 3 cents per cubic yard—and 
this proportional saving increases as less' efficient labor is employed. 
These figures are based on the writer's personal experience and repre¬ 
sent average results over a number of years. A good man under a 



yardage or carload system will perhaps average 50 per cent more than 
the above, but the ratio will not change between the two types of cars. 

It will also be found that the low-side cars will bo more economical 
for unloading than the high-side, except where* a wagon loader (Figs. 
334 and 335) is to be used. Where a loader of this type* is employed, 
the car side to which it is attached should either lie* of sufficient height 
to give wagon clearance, or stakes should lx* provided to raise* the* hopper 
sufficiently for the purpose. The* use* of a hopper of this type expedites 
unloading the car and, in these* days of demurrage e*harges, this is an 
item for consideration, asiele from the* saving of te»am hours. One*, two, 
or three hoppers may be attached to a single* car and one* or more* men 
put in the car for each hopper, depending upon the* number of teams 
available. The hoppers should be* re*ady as the* te*ams range* alongside 
the car, and the material should be instantly discharged into the wagons 
to avoid all delay at the ear. 

















Where a siding extends to the construction site, sand and stone may 
be shoveled directly from the cars onto the ground, which should have 
been previously smoothed. That portion of the ground designed for the 



Fig. 335. 


stone should first be spread with a layer of sand at least 1 in. thick, this 
layer serving to keep the stone clean and also working economy in 
subsequent shoveling. In order that materials may be piled high and 



C/eats short or continuous 


nailed to cross ties which 
may be spaced about S'c.toc. 


To secure greater stability 
the base of tower courses 
may be made three to four 
feet wide. Crib shouid be 
set up as material is 
deposited 


ftp Siding 


Fig. 336. 


the track be kept clear, a bulkhead may be built of a double row of 
2 X 12-in. plank with 1 X 3-in. cross ties, having stops as indicated in 
Fia. 336. This method reauires no fitting or cutting of the plank. 














The type ana conaraon oi snovei umi m umuuuii^ iiuiwiruiis win have 
an important bearing on the results obtained. The writer has noticed 
a tendency to regard the shovel as a very unimportant matter, but 
it is not so regarded by the workman himself. A good man will always 
look for a good shovel, and under a task or piece-work system he would 
perhaps use a larger shovel than the one with which he would ordinarily 
be supplied. Throughout South America it has been the general 
practice for each man to bring his own shovel, and this practice leads to 
the exploitation of tools wonderfully adapted to reduce to the minimum 
the actual work done while going through the motions. The practice 
was followed very generally in the West in early clays. Our western 
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contractors, however, early found it economy to supply their men with 
good “workmanlike” tools. 

Mr. Frederick W. Taylor in his investigations found that, a shovel 
adapted to a load of 21 lb. gave the best results. Such a shovel for 
general concrete work will correspond more nearly to the standard 
No. 4 size shovel than to the No. d size most generally supplied when 
your order calls simply for one dozen shovels. Why not add to your 
order the size of shoved wanted? Why not further specify the make and 
grade? Why not go to the maker and learn something of shovels and 
then specify intelligently? 

For an implement which figures so largely in nearly all concrete 
work, the shovel used has perhaps been accorded the least, considera¬ 
tion, whereas it is deserving of a great deal. Contractors ordinarily 













buy machinery by specification—they specify a maker known to them; 
but, more often than otherwise, shovels are purchased without any 
regard to the nature of the work for which they are to be used. 

There are shovels of different sizes for various materials. For 
general concrete work a No. 4 shovel should be used to get the best re¬ 
sults, and, as a general rule, the higher the grade of shovel, the better 
the result. No. 4 shovels, of A-grade, costing $9.00 per dozen, will 
prove cheaper in the end than D-grade shovels, No. 3 size, costing $5.00. 

Where the volume of material warrants the installation of an un¬ 
loading device, a bucket unloader of the type shown in Fig. 337 may 
be used, or a clam-shell bucket as shown in Fig. 338 may be employed 
and operated from a derrick or locomotive crane. With a bucket un¬ 
loader the labor cost, according to Mr. Turner of the Turner Concrete 



Fig. 338. 


Steel Company of Philadelphia, will be 3.5 cents per cubic yard. With 
a clam-shell bucket it will be 4.5 cents per cubic yard. 

In connection with hopper bottom cars, a trestle may be built or 
any of the many types of wagon loaders may be used. Fig. 339 il¬ 
lustrates a type of loader sometimes employed. Wagons may be loaded 
directly by the device shown in Fig. 339A. 

In Fig. 387, page 564, of Volume II is shown a hopper placed beneath 
the track to serve a feeder for an ordinary bucket elevator. Any of 
the above types of unloaders may be used to deliver the materials into 
wagons or bins, and the latter may be designed to discharge into wagons 
or direct into mixer, as conditions may require. 

91. Cement.—Cement is ordinarily ordered in cloth bags, owing to 
greater ease in handling. Since the price of the cloth bag will be re¬ 
funded by the cement mills only for bags returned in good condition, 
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provision should be made not only against loss but also against damage 
by water. This troublesome problem of caring for empty cement bags 
has been an important consideration in promoting the use of bulk 
cement, which is now being extensively used on large work. In Fig. 
340 is shown a plant arrangement involving the use of bulk cement. 

92. Water.—The problem of water is often a serious one. Aside 
from questions of fitness or unfitness, cost, etc., there is the ever-present 
problem of handling water fast enough. Probably 75 per cent of the 
plants operating at high efficiency—that is, at a rate approximating 
the theoretical maximum as determined by physical limitations set 
forth in Art. 108 of Volume II—have their limit set by the speed with 
which the water can be measured and fed. 

Figs. 341, 342, and 343 illustrate the ordinary type of measuring 



tank. There are three principal objections to tanks of the above 
type: (1) The obstruction offered to the inflow of water through gradual 
closing of valve; (2) the practical limitation set to size of outflow pipe; 
and (3), but most important, the impossibility of utilizing the full 
capacity of the feed pipe, since in all cases when the tank is full the 
water is automatically cut off, requiring perfect timing of the mixing 
operation with the rate of water flow, an ideal impossible of attain¬ 
ment. Fig. 344 illustrates a duplex tank in which this latter objection 
is removed and provision made for utilizing the feed line to full capacity. 
The by-pass A set at the proper level provides for the overflow of the 
water from one tank to the other, as the water in the former reaches the 
proper height. A movement of the lever B opens the valve C and shifts 
the feed pipe into the second tank which in turn fills to the proper 
point and overflows into the first tank. This tank further permits the 
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use of a large outflow pipe unobstructed by valves, etc. Water under a 
light head-flows slowly (approximately 1 gallon to the second through 
a 2-in. pipe), and since common practice of today requires If to 2 gal- 


Second Position ... 



Ions of water per cubic foot of material, the time of flow becomes an 
important matter, especially so since it is very desirable that all the 
water for the batch be fed into the mixer in advance of the aggregates. 
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and if it is always kept close against the toe of the stone pile, minimum 
handling of materials is the result. 

For measuring the aggregates, straight-topped barrows are strongly 
recommended as being more accurate than measuring boxes, and the 
barrows should be of such sizes, or assortment of sizes, as to permit 
struck measure rather than rounded or heaping measure. Where 
bottomless boxes are used, they should preferably be smaller in plan and 
deeper than those ordinarily employed. Also struck measurement 
should be insisted upon, as it is only in this way that accuracy may be 
obtained. 

The cost of hand mixing may usually be accurately estimated by an 
analysis of the various operations entering into the process. The 
following is taken from page 278 of Taylor and Thompson's “Concrete 
Costs.” 1 

“ A gang on a large subway tunnel, materials close at hand, the cement 
and sand being mixed into a mortar and spread on the gravel before turning 
it; the concrete shoveled directly to place. 

“One foreman with 2 gangs, consisting in all of 19 men, each gang 

divided as follows: 

2 men mixing mortar. 

4 men shoveling stone, mixing concrete, and shoveling concrete 
directly to place. 

1 man assisting to shovel concrete, washing gravel, and other odd 

work. 

2 men in excavation receiving concrete and ramming it. 

1 extra man working with both gangs carrying water and on odd 
work. 

“This double gang mixed about 64 batches per day of 10 hours. The 
proportions were 1 :2|:4, and, since for gravel concrete (gravel being as¬ 
sumed to have 40 per cent, voids), we find from Table 22, on page 151, 
that 1.40 barrels cement are required per cubic yard, this quantity divided 
into 64 batches per day gives an output of about 46 cu. yd. per day of 
10 hours.” 

Now let us assume for comparison that it is proposed to use a machine 
such as the “Bantam” Fig. 346. For each batch there must be loaded 
into barrows, wheeled, and discharged into the mixer, 1 barrow of sand 
and 2 barrows of stone, together with water and cement for each batch. 
An average man will load his own barrow, wheel a distance, say 50 ft., 
and return every 3 minutes, allowing for average delays and rests. 
Taylor and Thompson's “Concrete Costs” set the figure lower than we 
have assumed above. If, therefore, we put on a double crew consisting 
of 6 men, we shall be able to deliver material for a 1-bag batch of the 
proportions 1 :2 :4 every 1-| minutes. One man will be required at the 

1 Copyright 1912 by Frederick W. Taylor. 
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pany also turn out a reliable machine, and doubtless there are others, 
In making a purchase, however, it should be borne in mind that the 
more simple the construction of the machine, the more satisfactory will 
the investment prove; but on these lighter machines which have low 



Fig. 347. 


first cost and lightness for their primary requisites, the details will vary 
materially from similar details on more elaborate and costly machines. 

To the end that the machine may be as light as possible, rolled steel 
and wood should replace cast steel and cast iron wherever the change 



Fig. 348. 

can be made without serious sacrifice of efficiency; but steel plates of 
lighter weight than No. 10 should not be used, save for protection against 
weather. Sprockets and chain should have preference over gearing on 
account of lightness. The carrying rollers for a similar reason should 
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The above comparison is based on actual operations, and unit times 
given are not exceptional. It will be further noted that, as the assem¬ 
bling time is reduced, the comparison becomes more favorable to the 
direct charged mixer, since this operation is the only one which can 
overlap. Conversely, as the time of assembly increases, the comparison 
becomes more favorable to the mixer with the power loader. In the 
above the time required to load the barrow has not been considered, since 
this is identical in both cases. The operation alone has been considered 
starting from the point where the barrows are loaded ready for the 
mixing operation. 

A second comparison will be made between a 1-bag-capacity low- 
charging mixer and a 2-bag-capacity machine with loader, materials 
to be handled in barrows on both sides of the mixer. For the purpose 
of illustration, average men will be assumed who will load a wheel¬ 
barrow, wheel a distance of 5 ft., discharge their barrow, and return 
in 3 minutes. This is a conservative figure. Upon this basis the 
organization for the two plants will be as follows: 

1-bag mixer Operation 2-bag mixer 

6 men.Assembling batch. 12 men 

1 man.Handling cement at mixer. . . 1 man 

3 men.Wheeling mixed concrete.. . 6 men 

1 man.Extra man. 2 men 


11 men, total 21 men, total 

The above crews will operate as follows: 

24 seconds Assembling batch. 48 seconds 

Hoisting hopper. 10 seconds 

Time of flow of materials hopper to mixer.. 15 seconds 

Lower hopper. 5 seconds 

30 seconds Mixing. 30 seconds 

28 seconds Discharge of mixer into barrows. 56 seconds 


82 seconds 104 seconds 

Less overlap of assembling time. 48 seconds 


116 seconds 

Reducing these operations to 1-man time gives 902 seconds per 
batch for the 1-bag mixer as against 2436 seconds for the 2-bag mixer, 
the respective batches yielding say 6 and 12 cu. yd. of finished concrete, 
with a time per cubic foot of respectively 151 and 203 seconds. 

It must be borne in mind that, in making the above comparisons, 
conditions have been assumed somewhat unfavorable to the large ma¬ 
chine; but the conditions so assumed are such as must prevail in many 
cases, and the comparison given merely outlines the method to be pur¬ 
sued in coming to a determination of the type of machine to be used. 















If the entire batch is discharged directly irom me mixer to place, into a 
car or bucket, the result at once becomes favorable to the larger machine 
both directly and indirectly in overheads, superintendence, etc. This 
point is one often overlooked and the advantage of the large machine is 
thrown away through failure to properly appreciate the importance of 
limiting the time consumed in the operations of charging and discharg¬ 
ing. The writer observed, on a large building operation in Chicago, a 
case of flagrant violation of first principles in plant operation. 

The organization on the work was as follows: 

15 men loading barrows, wheeling, and charging. 

1 man handling cement. 

1 man operating discharge chute. 

8 men distributing mixed concrete in barrows. 


25 men, total 

This crew was mixing concrete in a J-yard mixer at the rate of one 
batch in 4£ minutes, this limit being set by the delays incident to the 
manner of charging and discharging. The mixing cycle was as follows: 
For a 3-bag batch of 1: 2\: 5 concrete: 

Assembling batch in mixer: 

Charging 3 bags cement. 21 seconds 

Charging 10 pails of water. 30 seconds 

Charging 9 barrows of aggregate. 63 seconds 114 seconds 

Mixing. 30 seconds 

Discharging into 10 barrows. 70 seconds 

Delays in discharging due to incidental shifting of run¬ 
ways, etc. 56 seconds 


270 seconds 

It was pointed out to the superintendent of this work that he was 
wasting time and labor by using 6 extra men to load barrows with sand 
and gravel, since his wheelers were forced in every instance to wait for 
the discharge of materials from the mixer. He was shown that men 
could load their own barrows, wheel to mixer and return in 3 minutes. 
Installation of a batch-charging hopper was recommended. The delays 
on the discharge side were pointed out and a suggestion made that the 
batch be discharged on a platform, whence it could be pulled off into 
barrows with a stroke of a hoe and the number of wheelers be reduced, 
since they could work steadily rather than spasmodically. A water 
tank was recommended. These suggestions were carried out, with the 
results that a speed of 3 minutes per batch was easily maintained with an 
organization reduced to: 
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9 men loading barrows and charging. 

1 man handling cement and water. 

1 man operating discharge chute and loading barrows. 

6 men wheeling to place. 

17 men, total. 

The above instance is not an isolated case. It is more or less typical 
of results which follow close upon failure to observe elementary prin¬ 
ciples, and to obtain an accurate knowledge of costs. 

So far only the simplest types of mixing plants have been treated, 
but it is believed that a knowledge of the possibilities in this direction 
will lead to intelligent selection of the more highly specialized plants. 
The more or less standard types of equipment were covered at some 
length in Volume II of this series, and will not be considered here. 
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CHAPTER XXV 


TRANSPORTING OF CONORKTF 

The mixed materials may be handled in barrows, earls, or cars, or in 
buckets operated in connection with derricks, cableways, or spouts. 
For the scope of the present chapter it will be sufficient, to treat of 
effecting distribution only by barrows, carts, and spouts, halving the 
derrick and cableway out of consideration. The use of derricks, on the 
one hand, is ordinarily limited to work confined to limited area, or to 
work wherein derricks are in any ease a necessary part of the equipment. 
Cableways, on the other hand, are high in first cost which renders their 
adoption inadvisable except in exceptionally large 4 work. 

95. The Use of Barrows or Carts.— A question deserving of very 
serious consideration is the cost of handling mat (‘rial in barrows or 
carts. This method involves less original outlay than any other and 
in many cases which have come under the writer's observation, the 
cost of installation of a more elaborate plant would cover the costs of 
distribution by barrow or cart. 

Using the ordinary barrow, a man will handle an average 4 of It) eu. 
ft. per barrow and, including time of loading by shovel, will require 
(according to Taylor and Thompson) 25.4 minutes per cubic yard of con¬ 
crete, with an additional 3.9 minutes per cubic yard of concrete for 
each additional 25 ft. that it is necessary to wheel tin 4 material. 

If two-wheeled carts of 0-ft. capacity an 4 substituted for the smaller 
barrow, a time is obtained of 11.2N minutes per cubit 4 yard of concrete 
per 100 ft. of wheel, with an additional 1.00 minutes per cubic yard for 
extra distance. The above figure is based on an average? load for the 
cart of 4 \ cu. ft., which can and should be maintained. 

From the above comparisons it, will be seen that, at 20 cents per 
hour, the cost of wheeling concrete in barrows should not exceed $0,084 
per cubic yard with an additional $0,013 for each 25 ft. of additional 
wheel. For carts, results will lx; $0.0370 per cubic yard per 100 ft. of 
wheel, with an extra $0.0055 per 25 ft. additional wheel. There arc, 
however, certain offsets to be made. The wheelbarrow requires less 
in the line of runways or scaffolding than docs the heavier cart, and the 
cost of these runways should lx? carefully estimated. Average results 
show a cost for 200-ft. runs of 2-in. plunk as being approximately 
$0.03 per cubic yard of concrete for wheelbarrows and $0,074 for carts, 
assuming the cost of runways as distributed over 1000 cu. yd. of concrete. 
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It must, however, be borne in mind that the above prices are based 
upon runways laid on the ground. Where the runways must be 
elevated, the showing becomes more favorable to carts, for the reason 
that the bents or supports for the wheelbarrows must be practically 
the same as for the carts. 

96. Spouting Plants.—While there has been a tendency to exaggerate 
the advantages of spouting concrete, and to use it on small jobs, the 
present state of the art limits the use of spouting plants practically to 
the placing of 2500 yd. of concrete or upward. It is being recognized 
more and more widely that the extension of this system to smaller 
jobs is not a money-saving proposition, particularly when the con¬ 
tractor is not well acquainted with all the problems involved. 

The installation of a spouting system is somewhat expensive. Under 
proper conditions it will make a definite saving, but it must not be rated 
too high by those undertaking it, for the saving will rarely reach the 
abnormal figures sometimes expected. Where the work is light and 
scattered, any attempt to spout concrete into place is likely to prove 
disappointing. It is principally on heavy, solid construction that it 
is of advantage, and each case must be considered carefully on its own 
merits before a decision is made to use this method. 

Concrete may be conveyed a considerable distance by means of 
chutes supported in a variety of ways, but care must be taken that 
these chutes have a workable inclination. In all cases it is important 
to maintain a uniform pitch throughout the entire line. Unless the 
pitch is kept uniform, the concrete will flow faster in some parts of the 
chute than in others, with the result that it will pile up at some point of 
slow flow, and will overflow and fall to the ground. The pitch, also, 
must be greater when the material is to be carried a considerable distance 
than when it is to be carried only a short distance. If given a slight 
start, fairly wet concrete will flow 50 ft. with a pitch of about one in 
six. As the distance increases, the friction of the concrete in the chute 
overcomes its initial momentum. This makes it necessary to increase 
the pitch for greater distances, so that a pitch of one in four is needed 
for 100 ft. while a distance of 300 or 400 ft. will require a slope of one to 
three. These slopes are based upon a chute rigidly supported and of 
uniform pitch. Where the spouts are supported from guy lines, the 
slope must be a little steeper, say 4 to 6 in. to the foot for long lines. 

If the pitch is too steep for the distance to be covered, the flow of 
concrete may be so rapid as to separate the rock from the sand and 
cement. The concrete should be kept in a continuous flow, moving 
slowly and uniformly, if a well-mixed mass is to be delivered into the 
forms. Crushed-slag concrete is sluggish, while washed gravel concrete 
is fairly rapid in its speed of travel down the chute. All of these things 
have to be taken into account in preparing the chute concrete. 

For successful operation of any spouting system, the aggregates must 



be mixed properly. There must be just as much water as the material 
can carry without separation, so that the stone particles will be carried 
in suspension in the mass. The proper amount of water is from 1J to 1J 
gallons to the cubic foot of material. The concrete materials must 



Fio. 350. 


slide down the spout, without any inclination to rolling. With a care¬ 
fully designed system and properly mixed concrete, large quantities 
can be handled by a small stream, and placed where desired, without 
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trouble from air pockets, without separation of particles, and without any 
tendency to produce laitance. 

Spouting lines are carried, in general, in one of three ways: (1) by 
booms hung from the concrete tower; (2) by a guy line, one end of which 














is attached to the concrete tower; (3) by tripods or other supports from 
the ground, located at the ends of successive sections of spouting. 
Considerations of space, and particularly of the distance to which 
spouting is to be carried, determine generally which method of support 
will be used. 

In a boom spouting plant the spout is mounted upon a swiveled 
bracket at the tower end, while the outer end, supported by the boom, 
is moved freely about the work as required. A second length of spout 
usually completes this unit. One great advantage of this type is the 
flexibility and freedom of movement obtained in placing the concrete. 

In guy-line plants the spouting is suspended by ordinary blocks and 
manila falls, from steel wire rope guy lines or special cables set up for the 
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purpose. The principal advantage of this type lies in its ready adapta¬ 
tion to handle concrete over long lines. Its disadvantages are mainly 
those involved in difficulty of lateral movement. 

The tripod spouting plant uses movable towers to support the ends of 
successive spouting sections. While this is less flexible than the boom 
plant, it is much more flexible than the guy-line plant, for the various 
supports in the line may be moved in succession, thus covering a very 
wide area from a single tower. In order to move the guy-line plant, and 
thus cover additional area, the whole line must be dismantled and set up 
again in the new location. 

In certain special cases the combination of two of these methods might 
be used to advantage, carrying the material across obstructions with 
the guy-line plant, and then distributing from the end of that section by 
means of one of the other methods. This would give some of the 
flexibility of the other methods while retaining, for a special purpose 
required 3 the peculiar features of the guy-line plant. 
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between successive trough sections for swivel-head spouting and shows 
one of these joints, in which the upper line of spouting is supported bv 
a fall and tackle attached to the bail on the splash hood; while the lower 
line is supported by the swivel-hook, connecting the lower hopper head 
with the splash hood of the upper line. The swivel hook is kept clear 
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of the path of the concrete. The effectiveness of this method of support 
is shown clearly in Fig. 355, where the swivel hook on the splash hood is 
supporting a weight of 1500 lb. 

In some cases it is desirable to have a flexible joint in continuous line 
spouting. In this ease the two sections are put together in a different 
manner. Fig. 350, where both the honncr head and the snlash hood 
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operate between two 5f-in. wooden guides, and is fitted at the lower 
end with journals in which rests the bucket trunnion. In setting up 
the tower and bucket, it is advisable in all cases to set the bucket so 
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that it is practically balanced, and to this end the front guide should be 
so set as to be practically in contact with the nose of the bucket when 
the latter is pushed back to a point where the load in the bucket will 
tend slightly to press the stops on the sides of the bucket backward 
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against the bail. Friction of the nose against the guides is, by this means, 
practically eliminated. By removing the front guide at any point in 
the height of the tower, and placing a block on the back of the latter, 
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PART V 


ROTES ON ESTIMATING 

By Leslie H. Allen 
Of the Aberthaw Construction Co., Boston 

The estimating of quantities and unit costs has been treated in a 
general way in Volume II. The chapters on estimating in this volume 
will deal mainly with the application of the general principles, already 
set forth, to the work of estimating bridges and culverts. 

CHAPTER XXVI 

ESTIMATING BRIDGES 

98. General Considerations.—Large bridges are sometimes built 
in places that are very difficult of access and in consequence the cost of 
teaming materials may be much greater than in building work. In 
some cases it may be found necessary to set up a crushing plant for the 
supply of stone. The contractor, however, always avoids this, if 
possible, as the cost of operating a small temporary plant is always 
greater than that of running a large permanent plant, and it pays to 
buy crushed stone from such a plant, even if rock from the excavations 
is available. 

The cost of plant, also, will vary greatly according to the nature 
and size of the work. As a general rule, the plant required in bridge 
construction is more costly than that for building construction. This 
is particularly the case where cableways are used. It is best to calculate 
separately the cost of labor and depreciation on each item of plant 
in each case and add the cost for supplies, fuel, and small tools. In 
general, however, it will be found that the total cost of plant for bridges, 
as in buildings, will vary pretty closely with the yardage of concrete. In 
the writer's practice he has found that figures of $6000 for plant on a 
5000-yard job, $7000 on a 6000-yard job, $5000 on a 4000-yard job, and 
so on, check up quite closely with actual costs. These figures, of course, 
do not include plant for excavating, drilling, etc. 

The labor cost of mixing and placing concrete will vary in the different 
parts of the structure. The abutments and piers of a bridge are usually 
very massive and the cost of placing concrete in same is low. In arch 
ribs, on the other hand, the concrete requires very careful spading and 
the cost of placing is considerably higher. 

A 



plant, the cost ot mixing conereu* siiouki annul zu to zf> cents per 
yard, and the cost of transporting and placing same in abutments and 
thick piers should be about 35 to 45 cents |>or eubie yard additional 

It is usual to specify that large stones may be embedded in massive 
concrete work to reduce the cost of same. These stones are generally- 
placed not less than 6 in. apart and an* kept at least 12 in. away from the 
face of the work. Borne specifications will allow stones that one man 
can handle; others will allow any stone that the derricks can lift. It will 
be found that from 25 to 50 per cent, of the volume* of a massive pier can 
be composed of large stone in this way. The* cost of placing these stones, 
or “plums” as they are commonly called, should not exceed SI.25 per 
cubic yard. If the rock has first to be excavated for the* purpose, the 
cost of the rock excavation must be* added. 

As an illustration the cost of concrete on a large* typical bridge job 


might be estimated as follows: 

Abutments and piers—1:2§ :5 mix: 

Cement . 1,4 bbl. . (a $1 15 net $2,03 

Sand. 0.5 eu. yd.(« 11 (K) 0,50 

Crushed stone.... 1.35 tons, (a $1.50 . 2 03 

Labor, mixing and placing.......... . 0.05 

Plant... 1,10 

Total... SO. 31 per eu. 

yd. 

Abutments and piers— 1:2J:5 mix with 30 per cent, of large stones: 

7 eu. yd. concrete as above., , . (a $0 31 , , 17 

3 eu. yd. placing large stones, 1 25 3.75 


Cost of 10 eu. yd. of concrete and rock in place, $17.02 

Average cost per eu. v<l.. $1.70 

Arch ribs and deck slabs d :2 :4 mix: 

Cement. 1 .00 bbl.... (a $1 45 net. $2.12 

Band...0.5 eu. vd .(a I oo 0,50 

Crushed stone... . 1.35 tons, (a 1 50 2.03 

Labor, mixing and placing.... . . . I ,(H) 

Want...... . 1.10 

Total..... $7.05 per eu. 

yd. 


The above costs do not include forms, stool, or finishing of surfaces. 

The most uncertain and difficult item to estimate in bridge construc¬ 
tion is the form work. It is best to estimate by tin* square foot of sur¬ 
face contact, as in building work, and to this add for the* staging required 
for long arch spans. 














No general rules or instructions can be given for estimating bridge form 
work, except to say that the*labor should be estimated at not less than 10 
cents per square foot, and the lumber, nails, and oil, etc., at 4 cents per 
square foot. Further discussion in regard to the cost of form work is 
given in the examples of typical estimates which follow. 

It is not possible to give the cost of reinforcement accurately, any 
more than that of form work, but the following are approximations: 

Assume, steel at mill. $1.50 per 100 lb. 

freight. 0.25 per 100 lb. 

$1.75 per 100 lb. 
or $35.00 per ton 

. 0.60 per ton 

. 12.00 per ton 

. 0.75 per ton 

Total.$48.35 per ton 

The cost of surface finish varies very little from that given in Volume 
II, Art. 119. 

99. Examples of Typical Estimates.— Examples of typical estimates 
for bridges are included in the following paragraphs: 

Arch Bridge Estimate— Fig. 359 shows a small highway bridge built 
in 1912. The bridge was built in two sections, so as to cause no inter¬ 
ruption to the street car service, which was maintained with one or two 
short interruptions at 30-minute intervals during the progress of the 
work. 

The cost of the concrete work was as follows: 

Labor, mixing and placing concrete in 

foundations and abutments.$0.91 per cu. yd. 

Labor, mixing and placing concrete 

arches. 1.25 per cu. yd. 

Labor, mixing and placing concrete 

parapet and spandrel walls. 1.31 per cu. yd. 

Labor on form work to foundations 

and abutments. 0.10J per sq. ft. 

Labor on form work to arch soffits.... 0.10 per sq. ft. 

Labor on form work to parapet and 

spandrel walls. 0.19 per sq. ft. 

Labor, bending and placing steel rein¬ 
forcement.$15.78 per ton 

Labor, rubbing surfaces of parapet walls 
with carborundum three times 
(once measured). 

Labor, picking panels of same, 


Unloading, teaming, and piling 

Labor, bending and placing. 

Tools, wire, and sundries. 


0.06i per sq. ft. 
0.07f per sq. ft. 


















Cement cost $1.50 per bbl., f.o.b. cars to nearest siding. 

0.40 credit for bags. 

1.10 

0.09§ unloading and teaming. 

0.05 testing. 

0.01 freight on empties. 

0.05J loss on empties. 

$1.30y\ price of cement ready for use in concrete. 

Sand was dug and screened and teamed to the job at a cost of $1.28 
per cubic yard. 

Crushed stone cost $1.00 per ton, f.o.b. cars at quarry. 

0.48 per ton, freight to nearest siding. 
0.47J per ton, unloading and teaming. 


$1.951 per ton, price of stone ready for use 
in concrete. 


The plant consisted of mixer and derrick operated by electric motor, 
the power being obtained from a local power station. The cost was as 
follows: 

Labor, erecting and moving derrick.$230.00 

Labor, erecting and dismantling mixer. 89.47 

General labor around plant. 157.50 

Freight and teaming. 153.02 

Rental of mixer and derrick. 360.00 

Small tools and supplies. 527.50 

Electric current. 210.00 $1727.49 


Deduct part coat, of derrick, tools, etc., charged to excava¬ 
tion and coffer dams. 620.00 


Cost of plant chargeable to concrete work. $1107.49 

Divided by 820 eu, yd. equals $1.34 per cu. yd. 

Form lumber cost for 57 M ft. h.m. $1612.10 

Nails, wire, and sundries cost. 65.00 


Cost of lumber for forms. $1677.10 

Divided by 10,970 sq. ft. equals $0,099 per sq. ft. 
or practically.$0.10 per sq. ft. 


Steel reinforcement cost $33.20 per ton on cars nearest siding. 
Unloading and teaming, 1,23 per ton 


$34.43 per ton 
















if . tlierefore, [„. , ls f,,]], . 

7 f ° Umi!lti0ns »" (i 1 ;lm. r> tl - 

Cement, 1.4 hi,I. ® *1.31 , w ,, W . . ! *' 

Sand, 0.5 c„. yd. ® 1.28 per yd.. $ ,A t 

Stone, 1.35 ton.s ® U»5j p,. r f< m .' ° 

Labor, mixing and placing... . “ 1,1 


Plant.. 


Total. 

Concrete arches— 1 :2:4 mixture: 

Cement, 1.60 bid. ® , M>r f)|> , 
Sand, 0.5 cu. yd. ® 1.28 per V ,1 
Stone, 1. .15 tons® 1.05} per ton.'. 


0.01 
i :m 

*7,30 


(*U. yd. 


Labor, mixing and placing . 
Plant. 


Total. 

Concrete parapet and spandrel walls 

C« 1.66 bid.® SI .31 per 
Sand, 0.5 e U . yd . @ j 2K iM>r ^ ^ 

ut;. 1 ; !,S! .. 

Plant. .. 


*2.17 
CUM 
2.04 
i .20 
I Ait 


Total. 

Forms to foundations and abutments: 


. SK.04 
* mixture*; 

12.17 
• 0.64 

• 2.64 

i.:n 

1 AM 


por cu. yd. 


$N, 10 


P<*r (hi. vd. 


Tabor. 


Lumber, ete..SO.lo* per.sq. ft, 

. 0.10 j)< T H q, 


SO.20.1 


a P f *r H(J. ft. 


Forms to arch so Hits: 

Labor. 

Lumber, etc,.. .SO.lo porwq. ft, 

. 0.10 pITHCJ.ft. 


SO. 20 


P<th(|. ft. 


Forms to parapet and spamlrel walls: 

Labor. 

Lumber. .■ *S0. 19 persej. ft. 

. «.!(> jmthcj. ft. 


^teel reinforcement: 
Reinforcement., 

Labor. 


•SO . 29 per .sq. ft. 


Total. 


S24 . 42 per ton 
b r >.7K per ton 


Sot) .21 per ton 




























SUMMARY 


Concrete foundations and abutments, 408 cu. yd. 

@ $7.36. 13003 

Concrete arches, 268 cu. yd. @ 8.04. 2155 

Concrete parapet and spandrel walls, 150 cu. yd. @ 8.10 1215 

Forms to foundations and abutments, 3800 sq. ft. @ 0 20i 779 

Forms to arch soffits, 8100 sq. ft. @ 0.20. 1620 

Forms to parapet and spandrel walls, 5070 sq. ft. @ 0.29 1470 

Steel reinforcement, 5J tons at 50.21. 276 

Rubbing faces of parapet walls with carborundum, 1600 

sq. ft. @ 0.06|. 104 

Picking panels of same, 650 sq. ft. @ 0.071. 50 


Total. $10,672 


To this total must be added the cost of excavation, cofferdams, pump¬ 
ing, road surfacing, waterproofing arches, watchman, temporary fences, 
liability insurance, and contractor's profit. These items do not come 
within the scope of the present work. 

Beam and Girder Bridge Estimate. —Figs. 360 and 361 show a rein- 
forced-concrete viaduct which was planned to carry highway traffic 
across a freight yard. The total length of the bridge was about 700 
ft. The figures given below are from a contractor’s bid submitted in 
competition. 

The chief problem to be considered was the cost of carrying on work 
expeditiously without interruption to the freight traffic below. The 
method contemplated was the construction of a substantial temporary 
working platform about 3 ft. below the spring of the arch, the platform 
being constructed of steel I-beams on hard pine posts and floored with 
3-in. plank. This would afford a good working platform for the car¬ 
penters and a firm base for the support of the centers and wet concrete. 

It will be noted that the piers are not parallel to each other in most 
cases. This adds considerably to the cost of the form work, as no forms 
could be re-used without a good deal of alteration or re-making. 

The estimated costs of the work were as follows: 

Cement quoted. $1.75 per bbl., f.o.b. cars to nearest siding. 

0.40 credit for bags. 


$1.35 
0.03 tests. 

0.06 unload, team, and store. 
0.03 freight on empties and loss. 


Net $1.47 bbl. 
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?“T’ w n ' nt * !>“ r >'•«. delivered in teams a I i„h s 

quoted Sl.l;> per ton delivered in auto trucks at join ‘ ' "‘°" 0<1 Kra vel 


Labor, mixing and placing 


concrete: 


in foundations. 

in piers. 

in arch ribs and deck slabs 


I lant labor, depreciation, 
total of $7500 for the job. 


supplies, and 


St).80 per <*u. y ( \ 
i.(K)p (T cu. yd. 
1 .20 per <*u. yd. 


power SI AH) per y tin i } 


giving a 


Price of concrete in piers—1:2:4 mixture: 

Cement, 1.66 bbl. (a $ 1.47 . 

Sand, 0.5 cu. yd. p.pp ‘ 
Gravel, 1.35 tons (g) 1.1 5 ... 

Labor, mixing and placing. 

Plant. . 


$2.44 
0.45 
1.55 
1.00 
I .00 


Total. 

1>ricc of C0IU:r( “ f(: foundations.I:2J:5 mixture 

Cement, 1.4 hid. @ $ 1.47 . 

Sand, 0.5 cu. yd. ( 5 ; $().<H) 

Cravel, 1.35 tons (at $1.15 

Labor, mixing and placing . 

Plant. .. 


SO.44 per cu.yd. 


$ 2.00 
0.45 
1.55 
0.80 
1.00 


Total. 

Porm work: 


S5 .86 per cu. yd. 


Labor on forms to foundations 
Piers. 

Curved no flits to arches.. 
&nles of beams and girders 

Deck (or floor). 

Belt course below railing 
korm lumber, nails, etc. 

bteel reinforcement: 

Peinforcement quoted. 


§0.07 per sq. ft. 
0.10 per sq. ft. 
0.20 per sq. ft. 
0. It) per sq. ft. 
0.10 per sq. ft. 
°' r >0 per lin. ft. 
0.04 persq. ft. 


41 lOOlb.f.o.b 
0.18 freight 


learning, unloading, piling. 

Labor, bending and placing..’.’’' 

Cosl of Lilian.sixes and.small a 

from stock. 

Wire and sundries. 


SI.38 .. 


mount bought 


S27.60 per ton ham 
S 1 .00 per ton 
Si 1 .(X) per ton 


1 .00 per ton 
0-40 per ton 


§41.00 per ton in 



























Cost of working platforms, average size 57 ft. 0 in. X 51 ft. 0 in. 
28 ft. 0 in. high: 

60 pcs. 12 in. X 12 in. H.P. 28 ft. long = 20 M @ $32.00... $640 

500 lin. ft. 8 in. X 12 in. H.P. = 4 M @ $31.00. 124 

3-in. spruce plank for platform, 3000 sq. ft. =9 M @ $24.00... 216 

Nails, dogs, bolts, etc. 5 q 

Sundry lumber, 5 M @ $30.00. 150 

630 lin. ft. of 12-in. 40-lb. I-beams = 25,200 lb. @ $0.02. 504 


$1684 

Probable salvage on I-beams and hard pine at close of job. 700 


Net cost of material for one platform... $984 

Cost of material for three platforms (to be used four times 

each). 2952 

Labor, erecting and taking down platforms twelve times 
@ $450. 5400 


Estimated total cost of working platforms. $8,352 

SUMMARY 

Concrete foundations, 1:2}:5, 2520 cu. yd. at $5.86. $14,767 

Concrete piers, 1:2:4, 1692 eu. yd. @ $6.44 . 10,896 

Concrete arch ribs and deck slabs, etc, 1:2:4, 3289 cu. 

yd. @ $6.64. 21,839 

Forms to foundations, 29,560 sq. ft. @ $0.11. 3,252 

Forms to piers, 45,600 sq. ft. @ $0.14. 6,384 

Forms to curved soffits to arches, 8870 sq. ft. @ $0.24. 2,129 

Forms to sides of beams and girders, 66,440 sq. ft. @ $0.14_ 9,302 

Forms to deck or floor slabs, 35,600 sq. ft. @ $0.14. 4,984 

Forms to belt course below railing, 1332 lin. ft. @ $0.75_ 999 

Steel reinforcement, 392 tons @ $41.00 . 16,072 

Clinton wire cloth reinforcement in sidewalks, 16,120 sq. 

ft. @ $0.02 1 . 403 

4-in. concrete sidewalk on cinder fill and finished in 

granolithic., 10,050 sq. ft, @ $0.14. 1,407 

Concrete curb to same with metal nosing, including forms 

5520 lin. ft, (m $0.55. 3,036 

Rubbing outside fac.es of piers and belt course, etc., with 
carborundum, including staging, etc., 6000 sq. ft. @$0.06 360 

Concrete railings cast by unit method and hoisted and 
set in place, including forms and reinforcement, 1306 

lin. ft, (m $2.00. 2,612 

Cost, of working platforms over railroad tracks.. 8,352 


Total cost, of concrete work. $106,794 

Excavation and piles, wood block paving, conduits for cables, etc., 
and contractor’s profit not included in above items. 
























CHAPTKR XXVII 


ESTIMATING (TLVKRTS 

100. Typical Estimate. Fig. «iU2 shows a concrete culvert of a 
common type designed for use in highway const ruction. The unit cost 
of a single culvert of this type built indejauidently of any other work 
would be very high. It is usually tin* ease, however, that in a highway 



construction job of 10 miles in length there is. found a large number of 
such (adverts and they an* ordinarily built by a large, well-organized 
contractor's force. 

I he analysis of the cost of cement, sand, and stone would follow along 
the same lines as in the preceding examples. The concrete would prob- 
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ably be hand mixed, and this labor of mixing and placing may be esti¬ 
mated at *2.00 per cubic yard. The plant would consist of shovels, 
mixing boards and tarpaulins, barrows, etc., which would be used again 
on other work, but it is fair to charge about $7.00 for use of these, in¬ 
cluding teaming, which is equal to about $0.65 per cubic yard. 

The price of concrete — 1:2:4: mixture - would probably be as follows: 


Cement, 1.66 bbl. 

.© $1.60.. 

$2.66 

Sand, 0.5 cu. yd. 

.© $1.00.. 

0.50 

Crushed stone, 1.35 tons. 

.© $1.30.. 

1.76 

Labor. 


2.00 

Plant and tools, etc. 


0.65 


Total. $7.57 per cu. yd. 

Form lumber, nails, etc., for one culvert would cost about $60.00, 
which is equal to 6 cents per square foot, but if several culverts were 
built this cost would be divided between them. 

SUMMARY 

Concrete—1:2:4. 11 cu. yd @ $7.55.... $83 

Forms to vertical faces, 

labor only.310 sq. ft. @$0.10_ 31 

Forms to arch labor only. .660 sq. ft. @ $0.13- 86 

Form lumber for one culvert. 60 

Steel reinforcement.360 lb. @ $0.02§... 9 

Total cost of concrete work. $269 

Excavation and road surfacing not included. 













PART VI 

THE ARTISTIC DESIGN OF CONCRETE BRIDGES 


By Wm. J. Titus 
A ssoc. M. Am. Soc. C. E. 


CHAPTER XXVIII 
PRESENT STATUS OP THE ART 

101. City Bridges.—Volumes have been written on the beautification 
of city bridges. Municipal Art Commissions and City Beautiful Com¬ 
missions have been appointed by the score in an effort to obtain 
bridges of pleasing outline and artistic ornamentation. In fact, it 
is felt by many that the character of the bridges, streets, and public 
buildings of a city bespeak the character and enlightenment of the 



Fig. 363. —Excess of details; too elaborate panels; lack of balance in arch 
spans, resulting in ginger-bread effect. 


inhabitants of that city. This desire to secure beautiful bridges is to 
be commended, but unfortunately, we have tended to load down many 
of our supposedly beautiful city bridges with ginger-bread ornamenta¬ 
tion and every imaginable kind of inappropriate detail. It is better 
that we should be content with plain, honest, solid, useful bridges than 
that they should be adorned according to the standards that have 
governed the ornamentation of dwellings and public buildings, proper 
as these standards may be in such places. 
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automobile have we begun to realize that the m.l dS" 8 ° f , the 
suburban and more remote country districts are oh d!“ ! • K< ‘ S of ^ 
and artistic design as those in our cities and other thic'l-V'^ ° f careful 
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number of really beautiful bridges in Amerind n !-‘,7 emiKi(lerabl ° 
hindrances has been the insistent demand for * n . mon £ these 
This hindrance, however has been I * i nore economical designs. 
Crete in bridge (ioj^ "T™ 1 * «,« use of L 

of our highway bridges (espomllv (7 gr< ‘‘ l , <!ifbnlI, . v 1m* been that most 
designs inherited from the railroads when 17 ,WV “ h(,< *" h,liIt wn 
formerly the one most easily desi’jf ,mwt l M, I>uIur bridge was 

Competition in design .»»,) n, ‘ 

submit their own plans have boen Jm ^ !* IIowinK r(Hifr aetors to 
>»»y of our flimsy homifv hr *» of 

however, in spite of (he fact that the el' ’ , “ ,f v,lli,i reasons, 

with proper engineering supervision ,, ‘a’ »* <losign, 

means of securing adeofmt, md 1 T^T 1 effective 

designs have been rccSd «m1 T " ^ ttt ** «>«‘P*'»itivo 

of America. “ '’^’ortum of (be notable bridges 

Ther<! Ure t0<lay a <>f who specialize in 
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or devote all their time to.concrete bridges, and many beautiful, well- 
designed bridges throughout the country bear witness of the increasing 
ability of these specialists. The engineer in direct charge of the build¬ 
ing of a bridge often feels that he is admitting his own inability by allow¬ 
ing experts to submit designs, but in the large majority of cases he will 
be held in increased esteem by his associates for having secured for his 
clients at a minimum expense a structure that is very nearly the ideal 
one for the location. 
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be impressed with the visible strength of the structure and the proper 
use of material should be apparent. These requirements are satisfied 
by the use of steel in the suspension bridge and of masonry in the arch 
so that bridges of this type are sure to command attention and ad- 


Fig. 360.—Arch bridge with beautiful lines and handsome r ailing and lamp 
posts, all of concrete. 

miration. They possess a boldness and an inherent beauty of line 
that it is not possible to approach in a truss or girder bridge. In the 
case of a masonry girder, with the main strengthening element, the 


Fig. 307.—Girder bridge, well proportioned structurally, but inherently 

unsightly. 

steel reinforcement, entirely hidden and difficult of representation in 
any way, it is scarcely possible to hide an appearance of weakness and 
obtain a truly artistic effect. 

106. Symmetry. —Symmetry is another of the qualifications of a 
beautiful bridire and is an elementary idea in esthetics. A bridge should 
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the means of improving its surroundings. It is only because they may 
be considered to harmonize with their surroundings that many of the 
over-decorated bridges of Europe can be called beautiful, so that the 
same standards of design and ornamentation applied in the United 
States would often be entirely out of place. However, a bridge should 
always dominate as well as conform to its surroundings. A bridge 
among rugged hills or rocky cliffs should have a simple and bold out¬ 
line so that it may not be dwarfed by its surroundings. A bridge in a 
low level country should have long sweeping lines and be quite simply 
designed. On the other hand, a bridge in a park should be more graceful, 
ornate, or even quaint in appearance. All the details of the latter 



Fits. 370.—Park bridge of graceful lines and harmonious treatment. 


type of bridge should be worked out very minutely, since they will be 
subject to much closer inspection than if the bridge is in any other 
location. A bridge in the city can usually carry considerable orna¬ 
mentation, but must possess dignity commensurate with its importance. 
If there are buildings of a permanent character in the immediate vicinity 
of such a bridge, it should be designed in harmony with them. 

108. Harmony .—-In addition to harmony with surroundings, a bridge 
should have harmony of material, harmony of form, and harmony of 
dimension. 

109. Harmony of Material.—Harmony of material is best secured 
with the use of but one kind of material. It is very difficult to obtain 
an appearance of balance when different materials are used, as there will 
be no agreement in the sizes of members performing similar duties. If 
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open-spandrel type will probably be most suitable for this location, 
with the roadway supported on columns or transverse walls resting on 
the arch ring. With this class of construction the parabola is the 
form of arch ring which most closely follows the true pressure curve 
of equilibrium. 



Fig. 372 . —Appropriate design for great height and long span. Unfor¬ 
tunately the arches of the approaches do not harmonize with the spandrel 
arches. 


But if the bridge is an ordinary one, with the springings of the arches 
below the high water line, it will be necessary to construct full spandrel 
walls in order to prevent the catching of d6bris. The addition of the 
weight of the fill will be desirable and the curve of equilibrium will ap- 



Fig. 373.—Oval arches approximating ellipses, with solid earth-filled span¬ 
drels, suitable for locations subject to floods. 


proximate an ellipse. This is probably the most graceful form for an 
arch, and fortunately is very nearly the proper form for the large ma¬ 
jority of cases in America,. In any case, different variations should be 
tried until the best result is obtained, for upon, the careful selection of 
















the curve of the arch ring depends largely the haul appearance of the 
bridge. 

Girder Bridges .— The possibilities for esthetic treatment of concrete 
girders are very limited. The ends may he corbeled or made to resemble 


Fm. 374.—A well-designed girder bridge showing clearly the limitations of 

the girder. 

the arch in order to get curved lines. If further artistic treatment seems 
desirable, reliance must he placed on ornamentation. From an esthetic 
standpoint at least, the concrete girder is not suitable for bridges of very 
great height, because the engineering limitations are such that the span 


UO. 3/,>. —1 lie trestle m concrete. Supports appear t*> be inadequate, 
and the entire effect is one of cheapness accentuated bv the gas pipe railing 
winch is not even panelled in harmony with the mpans.' This structure is a 
wooden trestle moulded in concrete. 


cannot, be increased in proportion the height and therefore it, is not 
possible to secure a clean, bold design. A series of short heavy girders 
supported by tall and apparently inadequate eolumns cannot be made 
to present a, pleasing appearance. 












